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Abstract
The biochemical state of human sperm is critical for fertilisation potential, yet no
convenient or reliable methods are available to assess essential second
messengers. Cyclic nucleotides (cAMP and cGMP) play a crucial role as signalling
molecules for capacitation, motility, and acrosome reaction in mammalian
sperm. Given their importance in motility and fertilising ability, defective
nucleotide function could be a cause of male infertility.
This work was undertaken to establish a method for the extraction and
simultaneous quantification of cyclic nucleotides levels in human spermatozoa
using HPLC. This study has demonstrated that HPLC can be used to detect basal
cyclic nucleotide levels in healthy human spermatozoa, assess the changes upon
compound manipulation and comparatively in patient sperm. The development
of this method has aided progression towards a reference range for basal cyclic
nucleotide levels in donor sperm and the quantification of cyclic nucleotide levels
in patient sperm. Patients attending the assisted conception unit in Dundee for
IVF treatment were screened for their basal cyclic nucleotide levels and motility
parameters. This study found that a positive correlation exists between basal
cyclic nucleotide levels, sperm hyperactivation and fertilisation rates at IVF.
Furthermore, this study aimed to apply the HPLC method in conjunction with a
high throughput screening strategy and established in vitro tests to identify and
characterise the action of compounds that improve sperm motility. Trequinsin
hydrochloride, a compound that increased sperm motility in a preliminary screen
was selected for detailed molecular (plate reader assays, electrophysiology and
iv

cyclic nucleotide measurement) and functional (motility and acrosome reaction)
testing in sperm from healthy volunteer donors and, where possible, patients.
Fluorometric analysis identified Trequinsin as an efficacious agonist of
intracellular calcium. Functionally, Trequinsin significantly increased sperm
hyperactivation and penetration into viscous medium in donor samples and
sperm hyperactivation in patient samples. The Trequinsin‐induced intracellular
calcium response was cross‐desensitised consistently by prostaglandin E1 but not
with P4. Whole‐cell patch-clamp electrophysiology confirmed that Trequinsin
activates CatSper and partially inhibits potassium channel activity. Trequinsin also
increases intracellular cGMP. Trequinsin exhibits a novel pharmacological profile
in human sperm and may be a suitable lead compound for the development of
new pharmaceuticals to improve patient sperm function and fertilisation
potential.
Similarly, this study targeted a series of compounds that have been demonstrated
by Tardif et al., (2014) to enhance donor and patient sperm function (in vitro). It
is proposed that these compounds promote cyclic nucleotide levels via their
inhibition of phosphodiesterase, however this study demonstrates that
improvements in sperm function is via diverse modes of action.
The heterogeneity of sperm intracellular response to these compounds is of
significant interest as it is well known that not all patients respond identically to
drug treatment. The utilisation of HPLC to aid the selection of compounds that
increase cyclic nucleotides levels could open a new paradigm of assessment and
identify novel therapeutics that promote sperm function.
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CHAPTER 1

INTRODUCTION
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Male Infertility
The World Health Organisation (WHO) suggests that 60 – 80 million couples globally suffer
from infertility (WHO, 2014). In the United Kingdom (U.K) alone, approximately 1 in 7 couples
(Datta et al., 2016) seek assisted reproductive treatment (ART) due to failures to conceive
after 12 months, despite regular unprotected intercourse (Wall and Jayasena, 2018). Of
reported cases of infertility, approximately 40 % is due to male factor issues (Punab et al.,
2017) and in 50 % of male infertility cases, suboptimal semen parameters below the WHO
reference values are the principal findings (Kumar and Singh, 2015; Wall and Jayasena, 2018).
These findings primarily consist of factors such as low sperm concentration (oligozoospermia),
poor

sperm

motility

(asthenozoospermia)

and

abnormal

sperm

morphology

(teratozoospermia). A study conducted by the European Association of Urology (EAU) from a
cohort of 12,945 patients (Nieschlag, Behre and Nieschlag, 2010) demonstrated that in
approximately a third of patients, no known cause was identified (idiopathic) (Fig 1.1).
Typically men classified as having idiopathic male infertility present with no previous family
history of fertility problems, assessment of semen parameters meet the set clinical standards,
and endocrine examinations are normal (Hamada, Esteves and Agarwal, 2011; Agarwal et al.,
2015; Punab et al., 2017; Zhao et al., 2018).
Levine et al. (2017), through a comprehensive meta-regression analysis of male patients,
unselected by fertility from North America, Australia, Europe and New Zealand, reported a
significant decline (50 – 60 %) in sperm counts between 1973 and 2011. Additionally,
defective sperm motility has been defined as the most significant cause of human infertility
(Curi et al., 2003; Heidary et al., 2018).
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DISTRIBUTION OF MALE INFERTILITY CAUSES
Cryopreservation
due to maligant
disease…
General/
Systemic Disease
2%

Obstruction of
Ejaculation
7%

Infertility of
known causes
43%

Hypogonadism
10%

Idiopathic
30%

Figure 1.1: Male Infertility Causes and Associated Factors. 12, 945 Unselected Patients attending
ACUs for fertility treatment consented their samples for research. The data showed that approximately 43 %
had infertility of known causes such as varicoceles or undescended testes. 30 % of male factor infertility
presented as idiopathic, with 10 % due to Hypogonadism, i.e. Infertility due to reduced production of
testosterone. 8 % of these male infertility cases was a result of sperm cryopreservation due to malignant disease
or as a direct result of general or systemic disease (2 %). Obstruction of ejaculation was found to be the cause
of 7 % of the infertility causes. Adapted from: EAU Guidelines on Male Infertility (Nieschlag, Behre and Nieschlag,
2010).

Assisted Reproductive Technology and Diagnostic Semen Analysis
While the introduction of Intrauterine insemination (IUI), In Vitro Fertilisation (IVF) and IntraCytoplasmic Sperm Injection (ICSI), has made significant developments within reproductive
medicine to improve a couple’s chance of conception (Brinsden and Brinsden, 2009), it has
hindered progression in regards to the clinical analysis of male infertility.

3

ICSI is predominately employed for sperm associated infertility, such as low sperm counts and
poor motility (Harper et al., 2012) as well as for gamete or embryo cryopreservation and
frozen embryo transfer (HFEA, 2019).
More recently, the “Freeze All” movement (Rozati, Handley and Jayasena, 2017) has sparked
much debate in reproductive medicine as it is employed in many clinics for both oocyte and
sperm freezing for the preservation the cells for future treatment. The precipitous spread of
invasive management solutions based on ART approaches has arguably reduced the interest
among clinicians to properly investigate, diagnose and treat the causes of male infertility
(Barratt, De Jonge and Sharpe, 2018). For example, ICSI bypasses natural selection processes
and disregards the patient’s disease behind low-quality sperm resulting in assisted
reproductive treatments lagging in regards to treating the male fertility problem (Hallak,
2017; Barratt, De Jonge and Sharpe, 2018).
Laboratory andrology which includes semen analysis (SA) is a branch of reproductive medicine
currently utilised to assess sperm fertilising potential. It is becoming increasingly clear that SA
is burdened by a lack of standardisation globally (Björndahl et al., 2015). The deficiency of
adherence to recommended and appropriately standardised methods for SA significantly
undermines the diagnostic value this may offer to a patient (Barratt et al., 2017). The
importance of accurate andrology analysis in diagnostic procedures and treatment options
for male infertility remains indisputable (Björndahl et al., 2015).
In support of scientific development in reproductive medicine, the WHO standards for the
analysis for semen must be followed correctly (Menkveld and Kruger, 1995; Cooper et al.,
2010; WHO, 2010). The WHO and the European Society of Human Reproduction and
Embryology (ESHRE) manuals for semen examination have been depicted as the gold standard
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reference criteria (Cooper et al., 2010; Talarczyk-Desole et al., 2017) for clinical practice.
Bjorndahl et al. (2015) introduced an acceptability checklist for laboratory work based on
human SA to facilitate scientific understanding and to ensure effective patient management
and treatment. However, it has been suggested that semen parameters alone are not
equivalent to defining fertility status (Cooper et al., 2010). SA does not fully express the
fertilising abilities of spermatozoa, as SA is unable to identify the functional capabilities
(Williams et al., 2015).
WHO Semen parameters
Normal semen sample concentration is defined as ≥ 15 million spermatozoa per mL (x106/mL)
with normal morphology greater than 4 % (Menkveld and Kruger, 1995). Sperm motility
assessment can be subdivided into three categories, progressively motile (PM) (spermatozoa
that are actively moving linearly, regardless of speed), non-progressively motile (NPM)
(spermatozoa that show patterns of motility with an absence of progression) and immotile
(IM) (spermatozoa that are static with no movement). Clinically, sperm concentration and
motility are typically recorded through manual assessment and cut-offs are determined using
the WHO reference values, set as ≥ 40 % of the sperm should exhibit either PM or NPM, also
defined as Total motility (TM) and ≥ 32 % should show PM (Cooper et al., 2010).
Computer Assisted Semen Analysis for Male Fertility Potential
To determine if male sperm dysfunction is the source of a couples infertility, computerassisted semen analysis (CASA) systems have demonstrated their utility and potential for
assessing sperm quality and offer a prediction of the male fertilisation potential (Mortimer
and Mortimer, 2013; Alquézar-Baeta et al., 2019). CASA is a precise quantification system for
sperm motility with capabilities to acquire data from millions of sperm in less than one minute
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(Mortimer and Mortimer, 2013) (Fig 1.2). Assessing three standard sperm parameters: sperm
concentration, motility and morphology, CASA has the capabilities of thresholds to be set
based on the WHO criteria (Alquézar-Baeta et al., 2019). CASA has been used in research to
detect the percentage of hyperactivated sperm, a crucial increased movement of the sperm
flagellum required to allow the sperm to proceed through the viscous mucus of the female
tract. For this identification, thresholds have been predetermined by Mortimer and Mortimer
(2013). One HA trajectory is classified by the increase in the amplitude of lateral head
displacement (ALH) ≥ 7.0 μm. ALH is an indirect measure of the flagellar bend due to
measuring the side to side sperm head movements. Trajectories are programmed for the
velocity of curvilinearity (VCL) ≥ 150 μm/s and maximum path linearity (LIN) ≤ 50 %.
Currently, CASA has limited diagnostic value regarding the identification of spermatozoa with
molecular defects that cause asthenozoospermic or idiopathic infertility.

Therefore,

additional diagnostic tests need to be utilised to understand the functional regulation of
sperm at a molecular level to tailor ART (Sánchez, Wistuba and Mallidis, 2013, Wang and
Swerdloff, 2014).
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Figure 1.2: Illustration showing the stereotypical cell path and tracking parameters
performed by CASA. Image processing requires a centroid (position of the sperm head) for each
spermatozoon in the first frame captured. The connection of the centroids provides the real-time path trajectory
classified VCL (µm/s). From this information, the average path is calculated, and the time-average velocity along
the trajectory is termed average path velocity (VAP µm/s). A straight-line route from the initial to the last
position of the sperm head is mapped, and velocity along this trajectory is termed (VSL µm/s). Deviation from
the average path by the centroid positions is defined as the amplitude of lateral head displacement (ALH µm)
(Amann and Waberski, 2014). Progressive motility is characterised as a VAP ≥ 25 μm/s, Straightness (STR)
(VSL/VAP) ≥ 80 % and ALH ≥ 7 μm and LIN ≤ 50 % (Mortimer and Mortimer, 2013).

Functional acquisition of sperm motility
1.2.1 Production and Regulation of Spermatozoa
Increasing rates of male infertility have led to a greater need for relevant model systems to
provide greater insight into male fertility. Spermatogenesis is an intricate biological process
of cellular transformation that produces haploid germ cells from diploid spermatogonial stem
cells within the seminiferous tubule boundaries of the testis. Spermatogenesis is hormonally
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regulated by both endocrine and paracrine mechanistic processes resulting in male germ cell
proliferation and differentiation. The endocrine stimulation of spermatogenesis involves both
follicle-stimulating hormone (FSH) and luteinising hormone (LH), the latter acting
intermediary via testosterone, produced by the Leydig cells in the testis.
The process of spermatogenesis in humans forms four key stages (Fig 1.3). Firstly, the renewal
of germ cells, there are two types of spermatogonia A (Fig 1.3) that belong to the stem cell
population and continue to renew to allow the production of germ cells and therefore
spermatogenesis (Bjorndahl et al., 2010; Sharma et al., 2019). Secondly, during
spermatocytogenesis, spermatogonia B is recruited from spermatogonia A during the mitotic
phase. The recruited spermatogonia undergo two consecutive mitotic divisions resulting in
four cloned Spermatogonia B in preparation for meiosis. These spermatogonia B differentiate
into four primary spermatocytes. Thirdly, meiosis involves two meiotic divisions that occur in
the conversion of primary spermatocytes to haploid spermatids. These primary
spermatocytes form four secondary spermatocytes (meiosis I) that proceed to form
spermatids (meiosis II). Lastly, the spermiation process, also known as cytodifferentiation,
involves the transformation of each haploid spermatid into a spermatozoon. This includes a
morphological cytoplasmic remodelling where the spermatids transform from round to
elongated structures with a tail to allow forward propulsion and the spermatic centrioles
reduce to a central core structure linking the mid-piece to the sperm head. Furthermore, the
transformation involves profound nuclear condensation and the movement of the nucleus to
the periphery of the cell, formation of the acrosomal cap, which overlays the nucleus and
development of flagellum responsible for sperm motility. Thus, producing a streamlined
spermatozoon adapted for transport in the tract, oocyte penetration and fertilisation (Tardif
et al., 2014).
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Figure 1.3: The spermatogenesis process . Located in the seminiferous tubules one spermatogonia A
undergo mitosis, while the other undergoes cell renewal. Spermatogonia A mature to spermatogonia B cells,
upon this maturation process these B cells divide, and their daughter cells migrate towards the lumen. These
daughter cells differentiate into spermatocytes until spermiogenesis and the production of a mature
spermatozoon (Björndahl et al., 2010).

1.2.2

Sperm Tail Formation and Acquisition of Motility

Sperm are highly complex, any alterations of external or internal factors regulating sperm
motion such as the intracellular signalling involved in generating increased flagellar
waveforms may result in defects in sperm motility.
The ultrastructure of the human flagellum is highly conserved and is structurally divided into
three major areas: the connecting piece, the principal piece and the end-piece (Fig 1.4). The
primary structures of the flagellum are the axoneme, which is surrounded by the accessory
structures, the outer dense fibres (ODF), Fibrous sheath (FS) and the mitochondrial sheath
(MCS). The connecting piece contains the basal body and connects the head and tail, while
the mid-piece contains all the mitochondria found in the sperm and nine ODFs surrounding
the axoneme. In the sperm tail principal piece, two ODFs are replaced by the longitudinal
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columns of the FS, which are connected by transverse ribs. The sperm tail end piece contains
only the axoneme surrounded by the plasma membrane.
The epididymis forms a coiled segment of spermatic ducts that temporarily store
morphologically mature sperm, from here, the sperm moves through the epididymis to the
caudal (or tail) region. In the epididymis, prostasomes added to the semen from the prostate,
these membrane-bound granules secreted by luminal epithelial cells serve many functions
related to fertilisation and contain multiple proteins on their surface such as ATPase.
Prostasomes can undergo hydrophobic fusion with the spermatozoa, as confirmed by
electron microscopy (Arienti, Carlini and Palmerini, 1997). At this early stage, prostasomes
have been shown to improve sperm motility in a proportional manner, with increases in
intracellular calcium (Burden et al., 2005). Both outer and inner singular dynein arms have
distinctive functions based on the active sliding motion of the axonemal doublet microtubules
by the molecular motor dynein. The inner dynein arms are the prime motors that produce the
amplitude and waveform of the propagated flagellar bends, whereas the outer arms appear
only to provide additional power to increase the speed of wave propagation (Linck, Chemes
and Albertini, 2016), with cyclic nucleotide signalling and intracellular calcium [Ca2+]i being a
pivotal facilitator to their function (Lehti and Sironen, 2017).
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Figure 1.4: Cross sections and 3D views of the human spermatozoon . Electron micrograph
highlighting key features and transition of structures along the flagellum. Within the membrane of the flagellum,
the axoneme (approximately 50 μm long in humans) is found at the centre of the midpiece. Here it is formed by
a sheath of mitochondria enveloped around nine morphologically discrete ODFs. These ODFs are each connected
to its respective axonemal doublet microtubule and the principal piece with ribs of the FS surrounding the dense
fibres and the two longitudinal columns of the fibrous sheath substituting ODFs 3 and 8 (Linck, Chemes and
Albertini, 2016).

The acquisition of sperm fertilising ability
1.3.1 Molecular insight into sperm capacitation
Physiological changes in human sperm are fundamental for fertilising capacity. As sperm are
transcriptionally inactive (Casas and Vavouri, 2014), they must control these changes that
occur during their transition through the female reproductive tract. This is achieved via
complex signalling cascades that result in post-translational modifications.
Throughout the 1950s and 60s, several researchers independently described a series of
chemical changes in vivo that are crucial for a spermatozoon to fertilise an oocyte, classified
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as sperm capacitation (Austin, C.R., 1951, Austin and Bishop, 1958 and Yanagimachi and
Chang, 1963). Using hamster sperm, the conditions that support capacitation were applied in
vitreo resulting in the first successful IVF in 1962 (Yanagimachi and Chang, 1963). Later in
1971, this was applied to mouse gametes (Toyoda, Yokoyama and Hosi, 1971) and successfully
with human gametes, as seen by the historic birth of Louise Brown in 1978 (Steptoe and
Edwards, 1978).
In brief, upon ejaculation inside the female tract, sperm migrates from the seminal plasma
leaving their quiescent state and adapt to progressive and subsequent hyperactivated forms
of motility, after capacitation (Pereria et al., 2015). First described in hamster models
(Yanagimachi, 1970) and mouse models (Lishko and Mannowetz, 2018), HA is critical to sperm
function, facilitating sperm migration through the highly visco-elastic oviductal mucus.
Experimental studies show that HA may be necessary to detach sperm from the oviductal
epithelium in mouse (Demott and Suarez, 1992; Gwathmey, Ignotz and Suarez, 2003) and
human reproductive tracts (Pacey et al., 1995). Using in vitro fertilisation as a biological endpoint, studies have identified HA as a vital attribute of sperm movement and has significant
correlations of the fertilising potential of human spermatozoa (Suarez and Pacey, 2006,
Suarez, 2008; Alasmari, et al., 2013b; Mannowetz et al., 2013; Mannowetz, Miller and Lishko,
2017).
This change in sperm movement facilitates the penetration of the cumulus oophorus and zona
pellucida (ZP), an extracellular matrix surrounding the oocyte. Once in the proximity of the
oocyte, mammalian sperm must undergo the acrosome reaction (AR), a secretory event of
the acrosomal contents before penetration of the ZP. This process is thought to be stimulated
by progesterone (P4) gradients released from the cumulus oophorus. In humans, it has been
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proposed that P4 induces chemotactic swimming of capacitated sperm (Teves et al., 2009;
Gatica et al., 2013).
From a molecular point of view, the sperm capacitation event has been best characterised in
vitro in mouse and scientifically has aided research into sperm physiology (Molina et al., 2018)
through transgenic tools to create mouse knock out (KO) models. Whilst there are differences
to take into consideration, mouse models have demonstrated as effective surrogates for
characterising the human sperm capacitation (De Jonge, 2017), as genetically ~ 99 % of mouse
sperm genome and the process of spermatogenesis is comparable to humans (O’Bryan and
de Kretser, 2006). Whereas, ethical and practical restrictions hinder research of the
knowledge of the female reproductive tract, such as the oviduct and secretion effects on
human sperm capacitation making in vitro investigations pivotal. For example, in vitro
investigations have identified that semenogelin, the main component of seminal plasma is a
decapacitating factor. Present at high levels, semenogelin attaches to the sperm surface and
inhibits capacitation, prevents cAMP increases and associated protein tyrosine
phosphorylation resulting in sperm unable to hyperactivate (De Lamirande, 2007). While
these factors may be important to prevent premature capacitation, removal of seminal
plasma both in vivo and in vitro is of crucial importance to sperm penetration and fertilising
potential.
Removal of the seminal plasma initiates sperm capacitation in the oviduct through cholesterol
efflux (De Jonge, 2017) by facilitating agents such as albumin that disrupt the noncovalent
bonds of glycoconjugates on the sperm surface. Cholesterol acts as a potent inhibitor of
capacitation and the AR, once removed these alterations in carbohydrate content increase
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the plasma membrane fluidity which is critical for sperm survival in the female tract (Tecle
and Gagneux, 2015).
Increases in HCO3-, Ca2+, intracellular pH (pHi) and cyclic nucleotide levels for subsequent
protein kinase activation and tyrosine phosphorylation of intracellular proteins are hallmarks
for capacitation (Fig 1.5). In vitro capacitation can be achieved by incubation of sperm in a
medium that supports capacitation. This medium contains serum albumin, Ca2+, HCO3- and
other additional components that give the spermatozoa fertilising capacity.

Figure 1.5: Molecular example of the fast and slow sperm capacitation events .
Based on mouse model observations, the capacitation process is comprised of fast and slow events
that is dependent on an increase in PKA activity (Visconti, 2009). Fast events are mediated by
calcium ion stimulation influxed via CatSper and HCO3- via the anion transporter that act on soluble

AC for sperm motility activation. Whereas, slow events increase protein tyrosine phosphorylation,
induce HA motility and prepare the spermatozoa for the AR. Breakdown of cAMP is via
phosphodiesterase enzymatic hydrolysis, preventing subsequent PKA activation (Visconti, 2009).

Sperm-Oocyte interaction is a highly regulated process to ensure that spermatozoa with
normal morphology and motility succeed in fertilisation (Suarez and Pacey, 2006). To
understand the role of ZP glycoproteins in AR and human-oocyte binding studies have utilised
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purified native or recombinant zona proteins (Chakravarty, Suraj and Gupta, 2005;
Chakravarty et al., 2008; Chiu et al., 2008; Avella, Baibakov and Dean, 2014). ZP 1-4 are
documented to be present in the matrix of human oocytes (Lefievre et al., 2004; Dai et al.,
2019; Zou et al., 2019). It has been purposed that binding of receptors on the surface of
capacitated spermatozoa to the ZP1, 3 and 4 of the ZP potently induces the AR (Wassarman,
1995). These initial responses are thought to elevate pHi, resulting in a sustained Ca2+ influx
that directly drives acrosomal exocytosis and increases in motility (Lefievre et al., 2004;
Caballero-Campo et al., 2006; Gupta et al., 2011).
It has also been proposed that the ZP may alternatively activate a low voltage-activated T type
calcium channel leading to significant and sustained changes in intracellular calcium ([Ca2+]i),
a prerequisite for the AR (Kopf, 1989; Patrat et al., 2006). Additionally, the first signal
transduction–second messenger pathway demonstrated to have a role in human sperm
hyperactivation, and AR involves the cAMP/ PKA system (De Jonge et al., 1991).
ZP2 is a secondary ligand that has been shown to bind to the inner acrosomal membrane of
the acrosome-reacted spermatozoa with ZP1 playing a structural role in the formation and
maintenance of the ZP (Lefievre et al., 2004; Petit et al., 2013). Demonstrated in human and
mouse sperm, the co-incubation of P4 and ZP show enhanced stimulation of AR than with P4
alone (Saray Ló Pez-Torres and Chirinos, 2017) suggestive that P4 initiates a priming effect of
ZP-induced exocytosis (Schuffner et al., 2002). It is plausible that exposure to components of
follicular fluid plays a role in AR and ZP binding (Brown et al., 2018). Cleavage of ZP2 at the N
terminus in mouse and humans following spermatozoon binding has been demonstrated to
block polyspermy and promote monospermic fertilisation of the oocyte (Bauskin et al., 1999;
Burkart et al., 2012; Avella, Baibakov and Dean, 2014).
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Figure 1.6: Sperm-Oocyte interaction upon fertilisation. On approach to the oocyte, the sperm
enzymatically degrades the surrounding cumulus cells in which the AR occurs, sperm adherence to the ZP and
subsequent membrane fusion between the sperm and the oocyte. Once membrane fusion takes place, this
transforms to block polyspermic penetrations. Two tetraspanin proteins, CD81 and CD9 of the oocyte are
important components of extracellular sperm-oocyte fusion. When the sperm enters the perivitelline space
(PVS), CD81 and CD9 proteins have been suggested to attach to the sperm surface via exosomes. IZUMO1
located on the sperm surface attaches to JUNO a complementary receptor on the oocyte, the JUNO receptor is
crucial for human sperm fertilisation and human gamete membrane fusion (Ohnami et al., 2012; Miyado et al.,
2018).

Crucial Secondary Messengers for sperm capacitation
The complexity of sperm physiology, coupled with poorly understood biochemistry, has
resulted in a shortfall of treatment for reduced sperm motility. Despite a great deal of
research, understanding the biology of sperm function remains far from certain. Secondary
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messengers are particularly crucial in mammalian sperm physiology in which cAMP and cGMP
have been the most documented for their regulation in sperm function (Raju et al., 2019).
cAMP and cGMP synthesis rely on the regulatory effects of enzymatic cyclase activity and is
produced by the balanced activity between soluble cyclases (sAC and sGC) and
phosphodiesterases (PDEs). Driven by an increase in [Ca 2+]i, cyclic nucleotide stimulation acts
on downstream dependent kinases PKA/PKG, which phosphorylates proteins in
serine/threonine (Ser/Thr) residues (Battistone et al., 2013), the formation of F-actin
filaments, (Breitbart et al., 2006) ascertaining pivotal roles in the molecular events leading to
capacitation, increasing sperm motility and progression of the AR (Alvau et al., 2016).
1.4.1 3’,5’- Cyclic Adenosine Monophosphate
Upon sperm ejaculation, the higher HCO3- (25 mM) found in the female tract leads to rapid
increases in cAMP due to increased Vmax of soluble adenylyl cyclase (sAC), a signature source
of cAMP generation and relief from PDE substrate inhibition (Litvin et al., 2003). Distinct forms
of cyclases have been identified in mammalian spermatozoa, both membrane-bound (mAC)
and cytosol soluble (sAC). mAC, coupled to hormone receptors, are functionally mediated
through upstream stimulatory (Gs) or inhibitory (Gi) heterotrimeric G-proteins (Derkach,
Shpakov and Gryaznov, 2013) or hormonally via biogenic amines, adenosine and pituitary ACactivating polypeptide- 38 (PACAP-38). Whereas, sAC, also known as ADCY10, properties are
distinct from mAC enzymes and activity relies on bivalent anions and cations, HCO 3-, Ca2+ and
manganese (Mn+) regulation (Xie et al., 2006). Enzymatic sAC is endogenous to human
spermatozoa and has been suggested to be simulated in a concentration-dependent manner
by Ca2+ in a synergistic effect with HCO3- ions (Jaiswal and Conti, 2003).
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Moreover, the involvement of sAC in one particular aspect of sperm function, motility, was
confirmed by the genetic ablation of the sAC gene: sAC null sperm were found to be
morphologically normal but immotile and infertile (Esposito et al., 2004). Additionally, a
transgenic mouse sperm model expressing photoactivated AC (bPAC) identified that bPAC
replicates the action of endogenous sAC and can recover sAC activity in sperm lacking sAC
activity, bPAC males were able to undergo normal spermatogenesis and were fertile (Jansen
et al., 2015). Interestingly, SLC9A10, a member of the sodium-hydrogen exchanger (NHE), in
KO male mice are entirely devoid of cAMP signalling due to a lack of HCO3- and are infertile
due to diminished motility. In vivo, sAC and SLC9A10 are thought to operate in a complex
manner for cAMP generation (Wang et al., 2003, Wang et al., 2007). Whereas mAC
predominately controls the process of sperm maturation and capacitation (Jaiswal and Conti,
2003). Derkach et al., (2013) highlighted that donor human sperm which expressed lower
basal AC, showed a decreased sensitivity to HCO3- and Mg+ ions and consequently exhibited
reduced motility (Derkach, Shpakov and Gryaznov, 2013). Importantly, however, sAC and PKA
appear to be a vital requirement for increasing the frequency of sperm flagella beating to
advance PM (Nolan et al., 2004; Xie et al., 2006; Mukherjee et al., 2016). In respect to cAMP
signalling, it has come to light that within mammalian sperm, this process is highly
compartmentalised within microdomains located in the flagellum and not uniformly
distributed (Raju et al., 2019). Live cell imaging of cAMP revealed that PKA and sAC are located
exclusively to the flagellum (Raju et al., 2019). This compartmentalisation is thought to
contribute to the differential cAMP response of flagellar activity in the distal and proximal
region of the flagellum in response to Ca2+ and HCO3- stimulation (Wertheimer et al., 2013).
Additionally, it has been purposed in human sperm that stimulation of cAMP activates EPAC
(exchange proteins directly activated by cAMP)- dependent pathway that induces an efflux of
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Ca2+ from the acrosome through inositol triphosphate (IP3)- sensitive Ca2+ channels. The efflux
of acrosomal Ca2+ triggers pore opening and release of acrosomal content (Bustos et al., 2015;
Sosa et al., 2016).
1.4.2 PKA and Tyrosine Phosphorylation
The most characterised cAMP target is the holoenzyme PKA, which is essential in both sperm
and oocyte biology (Lefièvre, de Lamirande and Gagnon, 2002). PKA is a heterodimer
consisting of two homodimers catalytic (C) subunits (Cα, -Cβ or –Cγ) and containing two active
site regulatory (R) subunits (RI -α/β and RII -α/β) (Robinson-White et al., 2003). The active
catalytic subunits are dissociated as an active kinase upon cAMP binding to the R subunits.
Similar to somatic protein kinases, PKA has multiple substrates which poses a problem for
many species. However in sperm physiology, PKA activity is confined to discrete locations by
A-Kinase Anchoring proteins (AKAP) via attachment to the R subunit (Buffone et al., 2014;
Ahmad et al., 2015). The A-kinase anchoring proteins, AKAP3 and AKAP4 are the most
abundant structural proteins in the fibrous sheath and have anchoring sites for cyclicadenosine monophosphate (cAMP)-dependent protein kinase (Ahmad et al., 2015). cAMPdependent protein kinase increases tyrosine phosphorylation of sperm proteins and regulates
flagellar function. PKA activity increases progressively during capacitation, thus promoting the
phosphorylation of Ser/Thr residues throughout its activation (Visconti, 2009; Visconti et al.,
2011; Alvau et al., 2016). PKA catalytic subunit PKAcα and PKAαII KO mice respectively showed
defective progressive motility (Skalhegg et al., 2002) and are infertile due to significant
defects in sperm HA (Nolan et al., 2004; Baker et al., 2009). In human spermatozoa, AKAP82
and precursors, pro-AKAP82 and FSP95 are the most prominent tyrosine-phosphorylated
proteins during capacitation (Luconi et al., 2004; Barbonetti et al., 2010). It has been reported
that a reduced percentage of phosphotyrosine residues on the principal piece is associated
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with reduced sperm - ZP binding and reduced fertilisation in vitro (Sakkas et al., 2003; Liu,
Clarke and Baker, 2006), whereas studies have showed increased tyrosine phosphorylation is
correlated with the acquisition of HA motility (Nassar et al., 1999; Luconi et al., 2004;
Barbonetti et al., 2010).
1.4.3 3’,5’- Cyclic Guanosine Monophosphate
In contrast, potential roles for cyclic guanosine monophosphate (cGMP) in human sperm are
less clearly defined (Lefièvre, De Lamirande and Gagnon, 2000). Revelli et al., (2002)
suggested a convergence of function between cAMP and cGMP through molecular cross-talk
to promote sperm function, although the prevalence of cGMP has been found to be
significantly lower than that of cAMP (Lefièvre, De Lamirande and Gagnon, 2000; WillipinskiStapelfeldt et al., 2004). cGMP in human spermatozoa is produced through the modulation
of sGC in response to nitric oxide (NO) released by cumulus oocyte complex (COC) (Miraglia
et al., 2011). It has been suggested that, upon approaching the oocyte, both NO and P4, which
are synthesized by the cumulus cells (Reyes, Vázquez and Delgado, 2004; Strünker et al., 2011;
Campbell et al., 2013) provide a synergistic stimulus to mobilise stored Ca 2+ in the sperm
neck/midpiece (Bedu-Addo et al., 2008; Machado-Oliveira et al., 2008). As a consequence,
modulating flagellar activity and contributing to HA that is vital for the penetration of the
oocyte vestments (Machado-Oliveira et al., 2008).
NO appears to play an essential role in the maintenance of sperm motility physiological levels.
Basal release of NO by spermatozoa from normozoospermic samples tended to be higher
than that from asthenozoospermia samples (Lewis et al., 1996; Donnelly et al., 1997; Zhang
and Zheng, 2009), thus suggestive of a physiological and beneficial role for endogenous NO in
the preservation of sperm motility (Staicu and Parra, 2017). However, the beneficial effects
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of NO are seen only at low concentrations; with higher concentrations presenting adverse
effect on spermatozoa as a result of NO acting as a free radical causing direct oxidative
damage to sperm (Staicu and Parra, 2017).
Regarding sGC, their participation in the regulation of sperm motility has been demonstrated,
and it is suggested that the sGC exhibited in spermatozoa and the difference of motility is due
to their activity and regulatory properties (Miraglia et al., 2011; Derkach, Shpakov and
Gryaznov, 2013). Supporting studies show that sGC null mice are infertile (Potter, 2011) and
cGMP-dependent protein kinase-deficient mice have a significantly reduced ability to
reproduce (Hedlund et al., 1999).

Figure 1.7: Theo retical representation of the nitric oxide -activated cGMP pathway in
Spermatozoa. Adapted from: (Staicu and Parra, 2017) . In the presence of NO released from
cumulus cells surrounding the oocytes, sGC is activated to increase intracellular levels o f cGMP.
During the process of capacitation in mouse models, an increase in c GMP can modulate the
cyclic nucleotide-gated channels (CNG) localised in the sperm flagellum promoting Ca 2 + ions
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influx. However, there is no evidence of CNG in human sperm. Downs tream cGMP activates
PKG, leading to the Ser/Thr phosphorylation. Activation of cGMP can inhibit PDE degradation
of cAMP furthermore promoting PKA, Tyrosine phosphorylation and subsequent sperm motility.

1.4.4 Phosphodiesterases
Phosphodiesterases are enzymes that hydrolyse the 3’-5’ bonds of cAMP and cGMP to their
counterparts 5’-Adenosine Monophosphate (5’-AMP) and 5’-Guanosine Monophosphate (5’GMP) respectively, and in general inhibit the downstream processes (capacitation and
enhanced motility) induced by the intracellular secondary messengers (Ickowicz, Finkelstein
and Breitbart, 2012; Jansen et al., 2015; Pereira et al., 2015; Maréchal et al., 2017). The PDE
superfamily is composed of 11 structurally related but functionally distinct gene families
(PDE1 – PDE11) (Fig 1.8). Based on their biochemical properties such as homology, substrate
specificity, mechanism of regulation and sensitivity to pharmacological inhibitors (Conti and
Beavo, 2007), PDEs are grouped into their targets (Fig 1.8). PDE1, 2, 3, 10 and 11 have an
affinity for both cAMP and cGMP hydrolysis, whereas PDE4, 7 and 8 are specific for cAMP and
PDE5, 6 and 9 are cGMP specific (Maurice et al., 2014; Goupil et al., 2016; Maréchal et al.,
2017).
Most of these families in somatic cell lines contain approximately 100 PDE isozymic genes (i.e.
PDE1A, PDE2B) (Maurice et al., 2014; Golkowski et al., 2016) and can be localised to specific
subcellular microdomains. Selective ablation or deactivation of PDE isoforms can upregulate
specific cellular functions (Conti, Mika and Richter, 2014) however, little is known about the
presence of specific PDE subtypes in human spermatozoa (Maréchal et al., 2017). Through
the use of selective inhibitors, the presence of PDE1 and PDE3-5 have been suggested (Fisch,
Behr and Conti, 1998; Lefièvre, De Lamirande and Gagnon, 2000; Lefièvre, de Lamirande and
Gagnon, 2002; Tardif et al., 2014).
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To date, PDE activity has been confirmed by immunocytochemical techniques. Lefievre et al.
(2002) identified two PDE isoforms PDE1A located in the equatorial segment, and PDE3A
found in the post acrosomal segment of the sperm head. PDE1 is stimulated via calmodulin
(CaM), an intracellular target of the Ca2+ and expresses Ca2+ binding sites for its activation.
The presence of calmodulin-dependent PDE1 in mammalian sperm has been controversial
(Ahmad et al., 2015; Maréchal et al., 2017), however, has been identified via electrophoresis
and gel filtration chromatography (Fisch, Behr and Conti, 1998; Lefièvre, de Lamirande and
Gagnon, 2002). CaM readily binds to PDE1A, and CaM inhibition in human spermatozoa has
been shown to boost hyperactivation of sperm motility (Lefièvre, de Lamirande and Gagnon,
2002). PDE3 is reported to be firmly attached to the equatorial segment having an affinity for
both cAMP and cGMP hydrolysis. It has been hypothesised that increases in cyclic nucleotide
activity resulting from PDE inhibition may be discretely localised to that region (Lefièvre, de
Lamirande and Gagnon, 2002). cAMP specific PDE Type 4 was first suggested by Fisch et al.
(1998), preliminary data using immunocytochemistry staining indicated that PDE4 is localised
mainly to the sperm-mid piece (Fisch, Behr and Conti, 1998). PDE5 represents a minute
fraction of the total PDE activity in human sperm (Lefièvre, De Lamirande and Gagnon, 2000)
and conflicting results of the biological effects have been observed using PDE5 specific
inhibitors (Sousa et al., 2014; Yang et al., 2014).
Maréchal et al. (2017) demonstrated through investigation of enzymatic activity by western
blot

analysis,

specific

monoclonal

antibody

immunoprecipitation,

and

mass

spectrophotometry of family-specific PDE10 inhibitor, Papaverine (400 nM), confirmed the
presence of PDE10A isoform in human spermatozoa and found PDE10 to be the most
abundant form of PDE in human spermatozoa.

23

The human sperm proteome has been studied using a variety of approaches such as twodimensional gel electrophoresis (2D-PAGE) and liquid chromatography (LC) separation.
Utilising this technique, Baker et al. (2007) identified PDE1A confirming the previous findings
by Lefievre et al., (2002) and additionally identified PLC zeta 1 (PLCZ1), an essential
component for sperm function (Fukami, 2001; Baker et al., 2007; Yoon et al., 2008). Human
sperm devoid of PLCZ1 fail to induce Ca2+ release and initiate the first step in embryo
development (Yoon et al., 2008).
Using reversed-phase LC coupled with advanced mass spectrophotometry and a proteomics
platform, Wang et al. (2013) identified 7 PDEs from human sperm, PDE 1A, 4D, 8B, 10A, 11A,
and interestingly, a 2’-5’ phosphodiesterase PDE12 (Wang et al., 2013) a relatively
uncharacterised enzyme in both germline and somatic cell lines. Interestingly, PDEs 3 and 5
were not identified in this study or the follow-up proteomics studies by Wang et al. (2016).
Highlighting the evident discrepancies between studies using PDE inhibitors (PDE-I)
stimulation. This may suggest that PDE inhibition of PDEs 3 and 5 may be via an alternative
mechanism, and molecular examinations of these signalling messengers are required.
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Figure 1.8: Structure and domain organisation of the 11 mammalian PDE Superfamily. The
conserved catalytic domain highlighted in red is situated in the carboxyl-terminal section of the PDEs. In many
of the PDE families, they contain amino-terminal subdomains such as cGMP binding sites (GFA), transmembrane,
targeting, Per-Arnt-Sim domains (PAS), regulatory domains and upstream conserved regions. In particular, the
N-terminal hydrophobic regions are of significant importance in subcellular localisations, mainly with
interactions with signalling molecules, molecular scaffolding and in the regulation of PDE activity. The catalytic
domain of PDE3 is unique due to the 44-amino-acid insert shown in black. GAF domains regulate the allosteric
binding of cGMP (PDE2, 5, 6 and 11), the allosteric binding of cAMP (PDE10) (Maurice et al., 2014).

1.4.5 Phosphodiesterases as therapeutic targets
The functional impact and potential therapeutic utility of phosphodiesterase inhibitors that
increase the synthesis of either cAMP or cGMP have been long recognised (Maurice et al.,
2014; Ahmad et al., 2015). In sperm, the use of PDE-Is in vitro and the resultant stimulation
of HA, capacitation and AR has confirmed a role for PDEs in the control of sperm functions
(Fisch, Behr and Conti, 1998; Tardif et al., 2014; Goupil et al., 2016). However, only a few PDEIs are in widespread clinical use for somatic cell treatment. Surprisingly, despite the plethora
of prevailing and new generation of PDE-Is, none are administrated orally to treat poor sperm
motility (Tardif et al., 2014).
Broad-spectrum PDE inhibitors such as IBMX and specific inhibitors such as sildenafil (Lefièvre,
De Lamirande and Gagnon, 2000) and vardenafil have been used to investigate the presence
and functions of different forms of PDE in male gametes. Pentoxifylline (PTX), a non-specific
inhibitor of PDE, has been used clinically to stimulate human sperm motility. In a clinical study
(Yovich et al., 1990), a strong correlation between PTX and fertilisation rate was observed.
Negri et al. (1996) demonstrated in 101 IUI treatment cycles consisting of asthenozoospermic
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and oligoasthenozoospermic (both asthenozoospermic and oligozoospermic) patients, a
significant improvement in pregnancy for those subjected to PTX treatment (Safarinejad,
2011). Additionally, PDE-Is such as caffeine and theophylline have been demonstrated in use
to improve sperm function (Tardif et al., 2014). However, their unfavourable risk-benefit ratio
and side effect profiles considerably impeded their therapeutic success. Typically, the
concentrations required to exhibit significant motility increases in these non-specific
inhibitors are between 1 – 10 mM (Yang et al., 2014; Maréchal et al., 2017). Studies have
demonstrated that at millimolar concentrations of PDE-I the incidence of premature AR is
enhanced and therefore detrimental to the fertilising potential of the spermatozoon that is
required after penetration of the oocyte (Fisch, Behr and Conti, 1998; Rehfeld et al., 2017).
However, in 2014, Tardif et al. in an attempt to discover novel therapeutics for male factor
subfertility, systematically identified and selected 6 PDE-I compounds (100 µM) that had
robust and effective stimulation on patient sperm motility ( ≥ 60 % increase in TM) and viscous
media penetration but did not compromise fertilising ability through premature AR or
damaging sperm viability, albeit in non-capacitated sperm. Although the effect of various PDE
inhibitors on the motility of mature human spermatozoa is known, the mechanisms of action
have not been characterised.
1.4.6 Current techniques for measuring Human Sperm Cyclic Nucleotides
Detection and quantification of cyclic nucleotides in human spermatozoa have proven
challenging (Willipinski-Stapelfeldt et al., 2004) due to their low intracellular concentrations,
lack of effective extraction technique and the high cell numbers required for analysis. As a
result, limited studies examining the intracellular dynamics of a wide range of molecules in
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human sperm are present. Therefore, no biochemical profile exists of the effects that
physiological processes and pharmacological agents have on sperm.
Existing methodology for this typically relies on radioimmunoassay (RIA) or enzyme-linked
immunosorbent assay (ELISA) (Lefièvre, De Lamirande and Gagnon, 2000; Esposito et al.,
2004; Willipinski-Stapelfeldt et al., 2004; Jansen et al., 2015). While these methods are
sensitive and selective, they pose several disadvantages. The radioactive reagents and
antibodies used have short shelf lives; there is a risk of radiation exposure for operators and
issues of disposal of toxic waste. The main drawback of RIA is the high expenditure making
them unsuitable for routine patient analysis (Grange, Thompson and Lambert, 2014). In this
respect, a highly sensitive and selective method is required for routine quantification of basal
cyclic nucleotide levels and their changes in response to pharmacological agents. Achieving
this could be a vital tool in aiding the identification of the mechanism of action of PDE-I
compounds effects in human sperm.
1.4.7 High-Performance Liquid Chromatography
To overcome these limitations for sperm analysis, the use of analytical techniques in somatic
cell research has been long established for the identification and quantification of cyclic
nucleotides however these applications are not routinely applied to sperm. In recent years,
several alternative non-radioactive techniques have become desirable; for example, included
in this list is High-Performance Liquid Chromatography (HPLC).
HPLC has become the method of choice for identifying hydrophilic and low-abundant proteins
in somatic cells (Oeckl and Ferger, 2011; Van Damme et al., 2012; Burhenne and Kaever, 2013;
Jia et al., 2014). Additionally, Liquid chromatography (LC) has been utilised in sperm
phosphoproteome profiling (Partea et al., 2012) and offers a quick, sensitive and highly
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automated system, reducing human error. An LC method of interest is Ultraviolet-HPLC (UVHPLC); the first part of this method is HPLC an analytical technique based on the separation
of molecules. Separation is dependent on their difference in structure and interactions with
stationary phase compositions which can yield accurate and reproducible results without the
associated costs of RIA. The second part of the bioanalysis system is the detection technology,
in this case, UV, that measures the molecules of interest.
UV-HPLC is employed universally in many research institutions, and hospitals making them
readily available, versatile platforms for detecting a magnitude of analytes. UV-HPLC could
offer as a diagnostic tool to aid treatment options for patients who suffer from
asthenozoospermia through analytically identifying therapeutic compounds that promote
cyclic nucleotide activity and thus, sperm motility.

Assessment of ion channel signalling on sperm function
As spermatozoa are thought to be transcriptionally and translationally inactive (Casas and
Vavouri, 2014), membrane-localised ion channels play a fundamental role in enhancing sperm
function. The discovery of these sperm-specific molecular changes and the ability to record
ion currents through whole-cell patch-clamp electrophysiology has revolutionised
biochemical observations of ion channel activity. This technical solution was initially applied
to mouse sperm by Kirichok et al. in 2006 via the development of a method that allowed
reproducible patch-clamp recording from the whole sperm plasma membrane. Some years
later, a similar approach was successfully used to apply the patch-clamp technique for human
spermatozoa ion channel analysis, opening a new paradigm into study the molecular
mechanisms of male fertility (Kirichok and Lishko, 2011).
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There is a complex interaction between the regulation of cAMP and Ca 2+-dependent pathways
(Buffone et al., 2014). The development of sperm patch-clamp technique has demonstrated
that the properties of these ion channels differ significantly between species although,
despite the species-specific differences in the details of their regulation, sperm ion channel
regulation are of central significance in activation of downstream cyclic nucleotides,
increasing sperm function and fertility in both humans and mouse (Zeng et al., 2015).

The importance of sperm ion channels for fertilising ability
1.6.1 CatSper
An area that has made considerable progress is the identification of the sperm-specific ion
channel, CatSper, confirming early hypotheses that Ca 2+ via ion channel influx serves pivotal
roles in sperm function (Blackmore et al., 1990; Shimizu et al., 1998).
CatSper, located to the principal piece of the flagellum, is highly promiscuous and, therefore
sensitive to a wide variety of chemically diverse ligands (Barratt and Publicover, 2012). Due
to CatSper’s intricate heteromeric complex that consists of at least ten subunits, in vitro
heterologous expression of CatSper remains unfeasible. CatSper consists of four alpha poreforming subunits CatSper1 – 4 and six auxiliary subunits CatSper β, γ, and δ, and more recently
epsilon (CatSperε), zeta (CatSperζ) and EFCAB9 based on mouse gene knock-out studies (Ren
et al., 2001; Correia, Michelangeli and Publicover, 2015; Brown et al., 2018). Auxiliary subunit
expression is dependent on CatSper1 functionality (Chung et al., 2017). CatSper appears to
be tethered to the FS (Quill et al., 2001), here formed in unique quadrilateral protein
arrangement each with two domains that flow in alignment along the flagella. This
organisation is thought to be necessary for HA motility, and any arising mutations in these
encoding genes can impair fertility (Chung et al., 2017).
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There appears to be significant evidence to support the hypothesis that CatSper is crucial for
male fertility in both mouse and humans. Ren et al. (2001) established the creation and
characterisation of CatSper knockout mice and found that CatSper is necessary for initiation
of HA motility in mouse spermatozoa; those deficient in CatSper exhibited infertility.
Furthermore in mouse models, all four knockouts of CatSper genes 1-4 produce the same
phenotype: infertility due to an inability of the sperm to hyperactivate therefore failed to
generate the necessary force for ZP penetration (Quill et al., 2003; Jin et al., 2005; Kirichok,
Navarro and Clapham, 2006; Qi et al., 2007). Genetic disruptions of accessory units severely
compromise fertilising ability. CatSper δ- null mice do not entirely express the CatSper
channel, and thus sperm fail to fertilise (Chung et al., 2011). Additionally, mouse sperm
lacking the CatSper ζ subunit appeared to have irregular CatSper expression patterns,
resulting in reduced fertility due to reduced HA and failure to penetrate the outer oocyte
vestments. These mutant sperm presented with a reduction in CatSper expression resulting
in lower [Ca2+]i and consequently abnormal motility (Chung et al., 2017). As Ca2+ entry is
activated by increases in pHi, it has been suggested in mouse models that a pH sensing
mechanism regulates the CatSper channel via EFCAB9. It has been purposed that EFCAB9
associates with CatSperζ and in the absence of either EFCAB9 or CatSperζ in KO mice studies
reduces the CatSper complex expression (Hwang et al., 2019). However, it has been suggested
that mouse CatSper models as a surrogate for human sperm CatSper function are not reliable
due to heterogeneity of function such as human CatSper’s sensitivity to P4/PGE whereas this
is not seen in mouse (Kaupp and Strunker et al., 2017).
In contrast to mouse, human CatSper cannot be tested by genetic KO models. Therefore,
research has relied on indirect methods such as population calcium screening, single-cell
analysis and electrophysiology to study CatSper ion channel function in the search for patients
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with reduced or no CatSper activity (Qi et al., 2007; Williams et al., 2015; Zeng et al., 2015;
Brown et al., 2016, 2018). In 2015, Williams et al. utilised electrophysiology patch clamping
identifying sperm with CatSper lesions from a patient with compromised fertilising capacity.
Kelly et al. (2018) via single-cell analysis of sub-fertile patient sperm showed reduced
sensitivity to P4 CatSper mediated calcium currents, and this correlated with reduced
fertilisation rate at IVF. Furthermore, Brown et al. (2018) utilised exome sequencing analysis
to identify the CatSperε deletion in sperm from one patient and suggested that this
compromised fertilising capacity (Brown et al., 2018). Moreover, the heterozygous deletion
of one gene involved in CatSper2 expression, showed reduced CatSper channel activity when
subjected to electrophysiological examination. While the semen parameters of this patient
were normal, the reduction in hyperactivation and sperm penetration resulted in infertility
(Luo et al., 2019).
1.6.1.1 Physiological agonist of CatSper and intracellular calcium regulation

As shown through electrophysiology and fluorometric assays, human CatSper is particularly
sensitive to physiological ligand binding of P4 and PGE1 and 2, as well as a wide variety of
chemicals (Schiffer et al., 2014; Rehfeld et al., 2017). Williams et al. (2015) highlighted that
the P4-mediated Ca2+ influx may act as a biomarker of CatSper function to screen
normozoospermic patients for CatSper function failures. There is a wealth of evidence that
demonstrates that P4, on binding to receptors expressed on the sperm plasma membrane,
supports all the capacitation-associated events as such as Ca2+ influx, protein tyrosine
phosphorylation and HA (Calogero et al., 2000; Alasmari et al., 2013b; Brenker et al., 2018;
Kelly et al., 2018). Additionally, P4 is involved in sperm chemotaxis, AR and ZP binding and
fusion (Saray Ló Pez-Torres and Chirinos, 2017; Williams et al., 2015).
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In humans, [Ca2+]i increase is observed in the presence of low concentrations of P4/PGE
(Harper et al., 2003) demonstrating the channel’s sensitivity. Studies have proposed that
basal channel activity is suppressed by the endocannabinoid, 2-arachidonoylglycerol (2AG).
2AG is depleted from the plasma membrane by membrane lipid hydrolase, Abhydrolase
domain-containing protein 2 (ABHD2) that is sensitive to P4 (Miller et al., 2016). RNA
sequencing and reverse transcription-polymerase chain reaction (RT-PCR) has evidenced that
ABHD2 is highly expressed in human spermatozoa and serves as a non-genomic P4 receptor
acting indirectly to induce CatSper channel activation (Miller et al., 2016; Mannowetz, Miller
and Lishko, 2017; Lishko and Mannowetz, 2018). Sperm pre-exposed in vitro to a saturating
concentration of P4 (10 µM) does not desensitise the CatSper response to PGE1. Therefore,
it is plausible that PGE1 may stimulate CatSper by direct activation of CatSper or may compete
with 2AG directly for the binding site (Brenker et al., 2012; Miller et al., 2016).
Sperm incubated in vitro with P4 causes a biphasic response of [Ca2+]i influx. Initially seen as
a rapid peak from the extracellular environment and progressing into a second sustained rise
after 5 mins incubation which can be maintained for 15 – 20 mins (Achikanu et al., 2018). This
sustained response is thought to be from Ca2+ release from intracellular stores within the
flagellum (Alasmari et al., 2013a). Mammalian spermatogonia and mature sperm contain Ca2+
storage organelles and express inositol trisphosphate receptors (IP3) and ryanodine receptors
(Rys) and upon activation increases in motility have been documented (Ickowicz, Finkelstein
and Breitbart, 2012). Studies have shown that mobilisation of Ca 2+ from stores in the
neckpiece of the spermatozoa stimulates flagellar activity and may support HA in CatSper null
sperm (Bedu-Addo et al., 2008; Machado-Oliveira et al., 2008; Williams et al., 2015).
Variations in the release of stored Ca2+ at the sperm neck has been suggested to add temporal
and spatial complexity of the behavioural output of sperm motility in response to activation
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of CatSper. The balance between extracellular Ca2+ ([Ca2+]e), present in the female
reproductive tract or media in vitro, and [Ca2+]i, is fundamental for normal sperm function
(Darszon et al., 2011). As the removal of [Ca2+]e abolishes [Ca2+]i oscillations, sufficient
evidence has determined that calcium is vital for sperm motility and male fertilisation
(Kirichok, Navarro and Clapham, 2006; Chung et al., 2014, 2017; Lishko and Mannowetz,
2018). [Ca2+]i stores such as the acrosome vesicle and the redundant nuclear envelope (RNE)
may also contribute to sperm intracellular Ca2+ signalling (Ho and Suarez, 2003; Costello et al.,
2009).
Furthermore, Schaefer et al. (1998) demonstrated that on the binding of PGE1 to the sperm
plasma membrane induced the AR; thus, provided evidence for G-protein-coupled E
prostanoid receptor expression in human spermatozoa. In mouse spermatozoa, PGE1 acts as
a capacitating factor in vitro (Herrero et al., 1997). Whereas, PGE2 was observed to stimulate
the AR in hamster (Meizel and Turner, 1984) and guinea pig (Joyce et al., 1987) spermatozoa.
Additionally, in human sperm, PGE2 has been purposed to increase cAMP levels (Cosentino,
EmiIson and Cockett, 1984).
[Ca2+]i transients induced by P4 and PGE1 via CatSper channel opening have been observed
to be entirely inhibited by a potent CatSper channel blocker (Lishko, Botchkina and Kirichok
2011). Rapid initiation of [Ca2+]e occurring in the absence of intracellular secondary
messengers (Ca2+, ATP, GTP and cyclic nucleotides) suggests that activation of CatSper is via a
receptor directly associated with the channel and not via G- proteins or protein kinases (Quill,
Wang and Garbers, 2006).
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Figure 1.9: Ion channels Identified in the human sperm flagellum. Schematic representation of the
distribution of ion channels found across the sperm principle piece: The Ca 2+ channel CatSper, the voltage-gated
proton Hv1 channel that facilitates pHi regulation and the K+ Slo1/Slo3 channel. The Na+ channel or ion
transporter, now proposed as TRPV4 (DSper) in human sperm induces membrane depolarisation activating Hv1
and CatSper. Cumulus cells surrounding the oocyte release P4, promoting CatSper activation and in high
concentrations blocks KSper. Endocannabinoid anandamide (AEA) is thought to activate Hv1 (De Toni et al.,
2016; Lishko and Mannowetz, 2018; Mundt, Spehr and Lishko, 2018). Image sourced from Mundt, Spehr and
Lishko, (2018).

1.6.2 The sperm potassium channel
Located in the flagellum, the pH dependent Ca2+ channel, CatSper is indispensable for male
fertility. However, to gain fertilising ability, several events must be met such as the setting of
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sperm membrane potential (Ren et al., 2001; Strünker et al., 2011; Mannowetz et al., 2013;
Lishko and Mannowetz, 2018). Potassium (K+) channels (Fig 1.9) are required for normal
sperm physiology as they regulate membrane potential (Vm) and sperm motility through an
indirect increase in [Ca2+]i. The Slo genes encode the K+ channel, Slo 1, Slo2 and Slo3, each
possessing seven transmembrane helices exhibiting homology to somatic K+ voltage-gated
channels (Wei et al., 2005). Mannowetz et al. (2013) first suggested the Slo1 gene of the K+
channel in human spermatozoa, openings are potentiated by increased levels of [Ca 2+]i and is
independent of pH. The Slo1 channel contains a sizeable cytosolic C-terminus with two
intracellular regulators of K+ conductance, both of which contain a high affinity of Ca2+ binding
sites (Jiang et al., 2001), enabling the Slo1 channel to sense changes in voltage and [Ca 2+]i
concentrations. Several studies demonstrate that the association of the different subunits of
the Slo channels (auxiliary β- and γ-subunits) impacts channel pharmacological and gating
properties. The Slo1 channel has been described as the “principle K + channel in human
spermatozoa” by Mannowetz et al. (2013); however, this was refuted by Brenker et al. (2014).
Brenker et al. (2014) demonstrated through the use of electrophysiology and tandem mass
spectrophotometry (MS) that Slo3 (KCNU1 gene) coupled with the leucine-rich-repeatcontaining protein 52 subunit (LRRC52) known as, Slo3/LRRC52, constitutes the K channel in
sperm that is critical for normal fertility (Zeng et al., 2015). KSper is the principal potassium
channel in human sperm and is sensitive to intracellular alkalization and strongly activated by
Ca2+ (Brown et al., 2016). Interestingly, KO Slo3 mice are infertile, and KO LRRC52 mouse
suffer severe cases of reduced fertility and IVF rates (Zeng et al., 2015). 10 % of these patients
who received IVF treatment had reduced fertilisation success rates despite exhibiting
“normal” semen parameters. Examination by electrophysiology identified that these patients
have reduced or absent outward KSper conductance (Brown et al., 2016). Slo2 gene while
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characterised and highly abundant in somatic cell lines, there appears to be no evidence of
Slo2 functionality in sperm.
1.6.3 Additional human sperm ion channels
As ion channels control the ability of human sperm to trigger hyperactivated motility, studies
have shown that ion channels are regulated by cytosolic calcium, membrane potential and
intracellular alkalinisation (Kirichok, Navarro and Clapham, 2006; Lishko, Botchkina and
Kirichok, 2011; Strunker et al., 2011; Brown et al., 2016). After ejaculation, sperm are exposed
to a higher extracellular pH raised to approximately 6.5, as they acquire motility for the first
time (Kirichok, Navarro and Clapham, 2006). Through subsequent transit of the female
reproductive tract, the pHi of the sperm increases as the result of sperm capacitation (Suarez,
2008; Zeng et al., 2015). In the female reproductive tract, the pH is alkaline (except for in
vaginal vestments) and can reach up to a pH of ~8.4 in cervical mucus and 7.8 in the Fallopian
tubes however this is dependent on species and the phase of the female cycle (Acott and Carr,
1984). Via utilisation of patch-clamp technique, human sperm possess a voltage-gated proton
channel, Hv1 (HVCN1), localised to the principal piece of the flagellum (Fig 1.9) and is one of
the potential regulators of pHi (Lishko et al., 2010; Miller et al., 2018). Unlike in mouse sperm
which relies on the Na+- dependent, Hydrogen (H+) cation exchanger (sNHE) for pHi control
(Wang et al., 2003; Quill, Wang and Garbers, 2006). Hv1 represents an important component
in the activation of CatSper, as Hv1 activity is dependent on membrane depolarisation it has
been suggested that both CatSper and Hv1 rely on a depolarising ion channel recently
characterised as TRPV4 (DSper) (Miller et al., 2016; Mundt, Spehr, Liskko, 2018) that induces
sustained membrane depolarisation and increases in sperm HA within the Fallopian tubes.
TRPV4 is thought to be temperature dependent, and one report has suggested that TRPV4
activity is increased upon capacitation (Mundt, Spehr, Liskko, 2018). TRPV4 appears to be
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distributed in the sperm flagellum in close proximity to CatSper and Hv1 further supporting
their interdependent functions (Fig 1.9) (Ren et al., 2001; Lishko et al., 2010; Mundt, Spehr,
Liskko, 2018).
To fully understand the effects of ion channel function and downstream secondary
messengers involved in sperm motility, particularly [Ca 2+]i and cyclic nucleotide levels, these
components must be assessed collectively to determine if the failure of one mechanism
results in reduced sperm motility.

Study Aims and Hypothesis
This study is divided into four results chapters (Chapter 3-6) with interlinking methods of
assessment.
Chapter 3: This study aims to develop a methodology to extract, identify and quantify cAMP
and cGMP in human donor sperm utilising high-performance liquid chromatography. We
hypothesis that HPLC can effectively determine a reference range for basal cyclic nucleotide
activity in the healthy donor sperm population.
Chapter 4: One compound with reported phosphodiesterase inhibitor activity was selected
from a number of compounds by a high throughput (HTS) assay. This compound robustly
increased intracellular calcium in human sperm and will be assessed on the healthy donor
sperm population to determine (1) if sperm function is improved, (2) determine the
mechanism of actions- given the observed Ca2+ response, (3) effects of the compound on
patient sperm function and intracellular Ca2+ response. It is hypothesised that this compound
will promote sperm motility, and its mode of action can be determined through systematic
screening.
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Chapter 5: The aim of this study is to determine the mechanism of action of 6 established
PDE-I (Tardif et al., 2014) that present positive effects on patient sperm motility. The central
hypothesis of this study is that systemic screening of the compounds can be applied to identify
the mode of action of increased sperm motility by PDE-I and that these compounds will have
diverse modes of action.
Chapter 6: This chapter aims to utilise the HPLC methodology to establish a reference range
of basal cyclic nucleotide levels in donor sperm and compared with patient sperm cyclic
nucleotide levels. The analytes levels will be assessed for the association of the respective
fertilisation rate for each patient. It is hypothesised that basal patient sperm cyclic nucleotide
levels will be significantly lower than donor sperm levels and that patients with reduced
fertilisation rates will have lower cyclic nucleotide levels.
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CHAPTER 2

MATERIALS AND METHODS

39

Media Manufacture
All chemicals unless otherwise stated was purchased from Sigma-Aldrich, UK.
2.1.1 Capacitating Media (synthetic tubal fluid)
A synthetic tubal fluid modified from the Mortimer (1986) methodology known as,
capacitating media (CM) was prepared with 1.8 mM CaCl2, 5.4 mM KCl, 0.8 mM MgSO4.7H2O,
116.3 mM NaCl, 1.0 mM NaH2PO4, 5.55 mM D-glucose, 2.73 mM sodium pyruvate, 25 mM
sodium lactate, 25 mM sodium bicarbonate and supplemented with 0.3 % (W/V) fatty acidfree BSA, in sterile H2O. The pH was adjusted to 7.4 with 1 M NaOH.
0.5 mL (V/V) Penicillin streptomycin was added before sterilising through a 0.22 µM pore
medical-grade filter (Fisher Scientific, Leicestershire, UK). The media was allowed to gas at 37
˚C, 5 % CO2 for a minimum for 1 hr before use.
2.1.2 Non - Capacitating media
Similarly, non-capacitating media (NCM) was prepared (excluding sodium bicarbonate) with
1.8 mM CaCl2, 5.4 mM KCl, 0.8 mM MgSO4.7H2O, 116.3 mM NaCl, 1.0 mM NaH2PO4, 5.55
mM D-glucose, 2.73 mM sodium pyruvate, 41.75 mM sodium lactate, 25 mM HEPES
supplemented with 0.3 % (W/V) fatty acid free BSA. The pH was adjusted to 7.4 with 1 M
NaOH.
0.5 mL (V/V) Penicillin streptomycin was added before sterilising through a 0.22 µM pore
medical-grade filter (Fisher Scientific, Leicestershire, UK). The media was capped and kept at
37 ˚C until required.
2.1.3 Supplemented Earle’s Balanced Salt Solution
Supplemented Earle’s Balanced Salt Solution (sEBSS) was manufactured with 1.02 mM
NaH2PO4, 5.4mM KCl, 0.81mM MgSO4.7H20, 5.5 mM C6H12O6, 2.5 mM sodium pyruvate, 19
40

mM sodium lactate, 25 mM sodium bicarbonate, 15 mM HEPES, 1.8 mM CaCl2.2H2O, 118.4
mM NaCl, pH 7.25 - 7.4 with 1M NaOH. Supplemented with 0.3 % (W/V) fatty acid-free BSA.
0.5 mL (V/V) penicillin-streptomycin was added before sterilising through a 0.22 µM pore
medical-grade filter (Fisher Scientific, Leicestershire, UK). The media was capped and kept at
37 ˚C until required.
2.1.4 Density Gradient Media
Two density gradient fractions (40 % Percoll© and 80 % Percoll©) were used for the separation
of human sperm from semen. The fractions were prepared using a 90% Percoll© solution and
diluting with NCM media for donor/andrology samples (ratio of 9:1 100% Percoll© to 10x NCM
(Mortimer and Mortimer, 2013).

Compound Stock Reagents
Stock reagents were dissolved in solvents such as dimethyl sulfoxide (DMSO) or 100 %
ethanol (Vehicle). Stocks were created so that the concentration of solvent present in the
final sperm suspension was equal to or less than 1 %, which has been shown previously to not
affect sperm acrosome reaction or capacitation (Lefièvre, de Lamirande and Gagnon, 2002).
2.2.1 Progesterone and 17α-hydroxyprogesterone
Stock P4 and 17 α-hydroxyprogesterone (17-OH-P4) was dissolved in ethanol and stored at 20 °C at a concentration of 10 mM. Stock P4 was diluted in sEBBs before being added to sperm
suspension for HA or calcium screening experiments (Chapters 4 & 5), to make a final
concentration of 3.6 µM similar to the concentration used previously (Williams et al., 2015)
or a saturating concentration of 10 µM P4 and 17-OH-P4 for cross-desensitisation
experiments (Chapters 4 and 5).
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2.2.2 Prostaglandin E1 and E2
Stock PGE1 and PGE2 were dissolved in DMSO and stored at -20 °C at a concentration of 10
mM. Stock PGE1 and PGE2 were diluted in sEBBs before being added to sperm suspension for
HA, calcium screening and cross-desensitisation experiments, to make a final concentration
of 10 µM (Chapters 4 & 5).
2.2.3 Phosphodiesterase Inhibitors
Of the 7 PDE-Is tested in this study, 1 PDE-I Trequinsin Hydrochloride was identified through
an HTS Ca2+ screen (Chapter 4) and 6 were previously assessed by Tardif et al. (2014),
Dipyridamole, Ibudilast, Etazolate Hydrochloride, Tofisopam, MMPX and Papaverine (Chapter
5). The PDE-I compounds were dissolved in either DMSO or Ethanol depending on
manufacturer’s instructions (Tocris, Abington, UK) to a stock concentration of 10 mM.
Following Tardif methodology (Tardif et al., 2014), the 6 PDE-Is were used at a final working
concentration of 100 µM (Chapter 5). A working concentration of 10 µM Trequinsin
Hydrochloride was assessed following dose-response curve analysis (Chapter 4). These
inhibitors were used for functional and mechanistic assessments (Chapter 4 and 5).

Participant Selection and Semen Preparation
2.3.1 Ethical Approval
Study Approval was under the Human Fertilisation and Embryology Authority (HFEA) Code of
Practice (version 8) and local ethical approval (13/ES/0091) from East of Scotland Research
Ethics Service (EoSRES) REC 1. Following informed consent, samples for research were
obtained from patients undergoing investigation and treatment at the ACU, Ninewells
Hospital, Dundee, and that were surplus to clinical requirement. Samples from healthy
volunteer research donors with normal sperm motility parameters in agreement with WHO,
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2010 criteria (Cooper et al., 2010) were used in this study under the same ethical approval.
All obtained samples for research were analysed in line with suggested guidance for human
semen studies where appropriate (Björndahl et al., 2015)
2.3.2 Semen Sample selection
All donors and patients adhere to an abstinence period of 2 - 5 days before sample collection
by masturbation into a sterile plastic container. The sample was placed in a 37 °C incubator
for 30 min to allow liquefaction. Donor sample parameters (Volume, Concentration and
Motility) were recorded on both the semen and prepared sample (pre and post density
gradient centrifugation). Semen samples from donors and patients were categorised
according to WHO guidelines. Normozoospermic donors and patients are classified as a sperm
concentration of (≥ 15 million/mL), and motility (≥ 40 % TM and ≥ 32 % PM).
2.3.3 Andrology and Donor Sperm Preparation
Density Gradient Centrifugation (DGC) for Donor and Andrology samples sperm were isolated
using a 40:80 % discontinuous DGC procedure (Alasmari et al., 2013b; Tardif et al., 2014).
Briefly, after 30 min of liquefaction at 37 °C, semen was loaded on top of a colloidal silica
suspension (Percoll©) made of 80 and 40 % layers (1.5 mL each). Separation is based according
to the density of the spermatozoon. The supernatant consisting of seminal plasma, unwanted
cells and other debris is isolated on the top fraction. The pellet containing the sperm of the
best quality (with the highest density and compaction of DNA) (Malvezzi et al., 2014) was
separated by the 80 % fraction (normal mature sperm with a density of > 1.12 g/mL and
gravity of 1.10 g/mL). The immature and morphologically abnormal spermatozoa (densities <
1.10 g/ml), are unable to penetrate the 80 % layer and are retained by the 40 % layer
(Mortimer and Mortimer, 2013). The density gradient was then centrifuged at 300 g for 20

43

min (Fig 2.1). Depending on experimental needs, the 40 % and or 80 % layers were extracted,
and the sperm were washed in NCM (300 g, 10 min). The sperm were then suspended in
either NCM or CM. Sperm in CM were left to capacitate at 37 °C, 5 % CO2 and sperm in NCM
were left capped at 37 °C, both for 3 hr before experimentation.

Figure 2.1. Density Gradient Centrifugation. Diagram highlighting the fractionation
segments after centrifugation for 20 mins, 300g. Stripped from the seminal fluid (Top Layer), the
80 % fraction is pelleted. This fraction contains the healthy, morphology normal sperm
separated from the 40 % consisting of DNA damaged, morphologically abnormal sperm and
other debris.

2.3.4 Patient Sperm Preparation
Patient (IVF/ICSI/Sperm Studies) samples were prepared by the ACU team, using
commercially available media. The sperm were separated from semen by DGC (40:80 %) using
PureSpermTM (Nidacon, Molndal, Sweden) diluted with Quinns Advantage SWM, a HEPESbuffered solution (Cooper Surgical Inc., USA). After centrifugation, the sperm pellet was
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washed by centrifugation at 500 g for 10 min in 4 mL of sperm wash media. The supernatant
was discarded and the pellet resuspended in Quinns Advantage Fertilization Media (Cooper
Surgical Inc.). IVF samples were then incubated at 37 °C with 5 % CO2 for at least 3 hrs. ICSI
samples were left at room temperature until required for the treatment. Sperm surplus to
requirement with patient consent was made available for research and thus, used in this
study.

Functional Assessments
Functional Assessments were conducted in Chapters 4 and 5 only.
2.4.1 Computer Assisted Semen Analysis Configuration
Sperm kinematic were analysed using CASA Hamilton-Thorne HTM-CEROS (version 12)
(Hamilton Thorne Research, Beverly, MA, USA), which provides individual kinetic parameters
of the tracked spermatozoon. At the end of each incubation or treatment, an aliquot (4 µl) of
the sample was loaded onto a pre-warmed 20 µm depth chamber slide (VitroLife, Sweden).
This was then placed onto the MiniTherm stage warmer (37 °C) attached to a standard
(negative) phase-contrast microscope under a low field illumination with x10 objective.
System parameter settings analyses were 30 frames at 60 frames per sec (Hz); minimum
contrast 80; minimum size 3 (pixels); upper and lower gates of 0.39 and 1.4 for intensity, and
0.85 and 4.24 for size, and the default values for non-motile sperm were 6 pixels and 160 for
size and intensity respectively. A minimum of 200 sperm was examined over a minimum of 8
microscopic fields (in triplicate) for each sample (Tardif et al., 2014). Spermatozoa with VAP
> 25 µm/s and STR ≥ 80 % are considered to have PM. Proprietary algorithms on the CASA
determined the percentage of sperm displaying HA automatically. Specifically, a
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subpopulation sperm displaying ≥ 150 μm/s, LIN < 50 % and ALH ≥ 7 μm algorithms were
assigned as hyperactive (Mortimer and Mortimer, 2013).
2.4.2 Motility Assessment
To observe if Trequinsin affects sperm motility, dose-response (DR) testing was carried out
using the CASA. Prepared donor spermatozoa were incubated for 3 hr at 37 °C in CM, as
appropriate. A minimum of 2 x 106 sperm per mL were mixed with either DMSO (vehicle
control, 1% final concentration) or Trequinsin (0.1, 0.3, 1, 3, 10, 30 and 100 µM final DR
concentrations) (Tocris Bioscience, Abingdon, UK). Sperm were incubated for 20 min, and
then the motility parameters were recorded. Following DR assessment, subsequent motility
testing was carried out at a final concentration of 10 µM Trequinsin compared to control
conditions. Testing was carried out on prepared donor and patient sperm that were exposed
to 3 hr at 37 °C in CM or NCM, as appropriate. These motility readings were recorded over a
2 hr period (0, 20, 40, 60, 90 and 120 min) using CASA. Parameters measured included PM,
TM and HA.
Additionally, motility was assessed before and after 20 min of exposure to the 6 PDE-I. The
sperm were isolated from the 80 % fraction and exposed to a capacitating environment in the
same fashion as described for Trequinsin above.
2.4.3 Sperm Penetration Test
Sperm penetration test was conducted using capillary tubes (0.4 x 4 mm ID) (CM Scientific
Ltd, New Jersey, USA) placed into 1.5 mL centrifuge tubes containing approximately 1x105
spermatozoa in CM at 37 °C, 5 % CO2 for 1 hr (Martins da Silva et al., 2017). The number of
spermatozoa was counted manually at 1 cm and 2 cm, and compared between control (1 %
DMSO), 10 µM Trequinsin, 3.6 µM P4, and 500 µM 3-isobutyl-1-methylxanthine (IBMX), a
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non-specific agonist for sperm motility used as a PDE-I positive control (Strünker et al., 2011).
Data were normalised to paired controls and expressed as a penetration index, i.e. the
number of spermatozoa exposed to PDE-I treatment/the number of control spermatozoa (Ivic
et al., 2002; Martins da Silva et al., 2017).
2.4.4 Acrosome Reaction
The acrosomal status evaluation was assessed as previously described by Tardif et al., (2014).
Percentage of acrosome-reacted (% AR) sperm was evaluated using fluoresceinisothiocyanate conjugated Pisum sativum lectin (PSA-FITC). A minimum of 200 sperm was
assessed in triplicate and manually scored as “Acrosome Intact” or “Acrosome Reacted”. 10
µM calcium ionophore (A23187) was used as a positive control.
2.4.5 Flow Cytometry Analysis
The flow cytometry experiment and analysis were conducted by Dr S. Brown
Following 3 hr incubation in capacitating conditions, two aliquots containing 2 x 106 sperm
were centrifuged at 300 g for 5 min. The supernatant was disposed of, and the pellets were
resuspended in a staining solution containing (final concentration): 0.8 μg/mL propidium
iodide (PI, Life Technologies Ltd, Paisley, UK) in sEBSS. Control (1 % DMSO) and Trequinsin (10
µM) treated sperm were incubated at 37 °C at 5 % CO2 for 20 min before flow cytometry
analysis. Paired positive controls were conducted within each experiment using control sperm
treated with Triton X-100 (0.1 %) to induce sperm membrane damage.
The effect of Trequinsin on membrane integrity was assessed using an Intellicyt iQue Screener
equipped with a 488 nm laser. Per Intellicyt guidelines, emission of fluorescence was detected
using fluorescence detector 3 (670 nm LP filter) for PI. Forward scatter and side scatter
fluorescence data were recorded from a minimum of 10000 events per condition. Threshold
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levels were selected to exclude cellular debris and the gates to discriminate between the live
and dead sperm were set using the positive control samples. The extracted data was analysed
using Intellicyt’s proprietary Forecyt software.

Investigations of the molecular actions of 7 phosphodiesterase inhibitors
2.5.1 Chemogenomic Library High-Throughput Screening for Trequinsin
Hydrochloride
High Throughput Screening (HTS) was performed by Dr Sarah Martins da Silva and the Drug
Discovery Unit (DDU).
The Dundee University Drug Discovery Unit in-house chemogenomics library was screened
for compounds that increase [Ca2+]i in human sperm. The compound library is composed of a
set of 223 commercially available small molecules and drugs (Tocris), each with a well-defined
mechanism of action, potency at the primary target and selectivity. The compounds were
selected as representative ligands for a diverse range of drug targets including enzymes,
GPCRs, ion channels and transporters. The Ca2+ hit criteria cut-offs for the compounds were
pragmatically assigned as low responder (blue 20 – 49 %), mild responder (orange 50 – 89 %)
and high responder (green 90 – 120 %) relative to 3.6 μM P4 (Table 4.1). The compound
library was initially screened on a single 384 well assay plate, at a single concentration of 40
μM. HTS and data analysis were performed as previously described (Martins da Silva et al.,
2017). In brief, spermatozoa from two to four different donors were pooled together after
preparation by DGC, diluted to a density of 2.2 x 107/ml in Flexstation assay buffer (1 x Hanks
Buffered Salt Solution (HBSS, Invitrogen), 20 mM HEPES, 0.5 mM probenecid, pH7.4) and
incubated for 60 mins (37 °C) with 2 x Calcium 3 dye (Molecular Devices). Spermatozoa were
washed following incubation, resuspended in Flexstation assay buffer, and plated in 384 well
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clear bottom, black wall assay plates (Greiner Bio One) at a density of 2.5 x 10 5 sperm/ 50
µl/well. [Ca2+]i was measured using a Flexstation 3 (Molecular Devices). Baseline calciumdependent fluorescence (excitation wavelength = 485 nm, emission wavelength = 525 nm,
cut-off = 515 nm) was measured for 18 secs. 12.5 µl of each test compound was transferred
to the assay plate using an internal 16 channel robotic pipette head and the resulting change
in fluorescence monitored for a further 82 secs. Follow up assays were performed to
determine the potency of hit compounds. All assay plates in the screen were subject to quality
control analysis.
Preliminary analysis of all HTS primary and potency raw data was performed using the area
under the curve (AUC) function within the SoftMax Pro analysis software, to quantitate
agonist-evoked fluorescence as previously described. Data was exported as a text file for
further data processing and analysis in Activity Base version 7.3.1.4 (IDBS) and the percentage
effect (PE) for each compound was normalised to the paired positive control (10 µM P4).
2.5.2 Sperm Preparation for Intracellular Calcium Measurements
After incubation for 3 hr in CM or NCM, approximately 3x106 sperm per mL were incubated
with 4.5 µM of FLUO-4 AM (calcium specific dye), (Thermo Fisher Scientific, Oregon. USA) for
20 min at 37°C, 5 % CO2 (for CM samples only) before centrifugation at 500 g for 3 min. The
supernatant was removed, and the pellet resuspended in sEBSS. A further centrifugation step
at 500 g for 3 min was performed to ensure excess dye was removed. The supernatant
removed and the sperm were resuspended in sEBSS and kept at 37 °C before
experimentation.
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2.5.3 FluoStar Omega Plate Reader Setup for Intracellular Calcium Measurements
Following sperm preparation, 100 µl of sperm (containing ~ 300,000 sperm) was placed into
wells of a 96-well black bottom polystyrene plate preheated to 37 °C. Fluorescence
measurements of calcium were carried out on a FLUOstar Omega reader (BMG Labtech,
Offenburg, Germany). The filters were set to 488 nm (excitation), and 520 nm (emission) and
3x105 sperm were imaged per well. After a control period, (after 30 sec) test compounds were
added by pipette. A control well containing 100 µl of sperm was included in each recording to
monitor for any baseline variances and was exposed to the vehicle (DMSO, Ethanol or sEBBs
depending on the compound vehicle). Emission was background-corrected and normalised to
the control. P4 at 3.6 µM was used as a positive control and tested in parallel to the PDE-I
compounds.
2.5.4 Cross-Desensitisation Profile Examination
Desensitisation experiments were carried in accordance with established methodology
(Schaefer et al., 1998; Strünker et al., 2011; Brenker et al., 2018). The first compound addition
was added after 1 min recording of baseline fluorescence, followed by addition of the second
compound after 5 mins. Control experiments were conducted to demonstrate that P4 and
PGE1 do not cross-desensitise. Control experiments to demonstrate desensitisation, involved
either additional of P4 followed by 17-OH-P4 or addition of PGE1 followed by PGE2. The
protocol used to assess the mode of action of the PDE-Is was similar. Sperm were first
challenged with either P4, or PGE1 followed, after 5 mins, by PDE-I. Readings from an
additional time control well (baseline) were taken as were readings from a well that was
exposed to a single agonist at the time point that matched the time point of addition of the
second agonist in the desensitisation experiments. Control compounds were used at a final
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concentration of 10 µM, Trequinsin at a final concentration of 10 µM and 6 PDE-I at a final
concentration of 100 µM.
2.5.5 Intracellular pH Measurement
After 3 hr in CM, spermatozoa (4x106 per mL) were incubated with 2 µM ‘2’,7’-bis (2carboxyethyl) – 5,6 – carboxyfluorescein, (BCECF; ThermoFisher, Paisley, UK) for 30 min at 37
°C. The sperm were centrifuged for 3 min at 500 g, the supernatant removed, and
resuspended in sEBSS, 50 µl of sperm (containing ~200,000 sperm) was placed into wells of
a 96-well black bottom polystyrene plate pre-heated to 37 °C. A FLUOstar Omega reader
(BMG Labtech, Offenburg, Germany) was used to detect the emitted fluorescence (excitation
wavelength ratio of 440/490 nm and an emission wavelength of 530 nm). Sperm calibration
was achieved following sperm lysis by the addition of 1 % Triton X-100, a reading was taken
from each well, and a calibration curve was constructed using 1 M HCl and 1 M NaOH.
Fluorescence measurements for control (Sperm + 1% DMSO) and Trequinsin 10 µM were
recorded, as well as ammonium chloride (NH4Cl), which was used as a positive control (10
mM final concentration).
2.5.6 Whole Patch Clamp Electrophysiology
Dr S. G Brown conducted all electrophysiology experiments and analysis.
The effect of Trequinsin and the PDE-I on individual sperm plasma membrane ion channels
was investigated using whole-cell patch-clamp electrophysiology (Brown et al., 2016). Sperm
were allowed to settle on a glass coverslip before being placed in the recording chamber that
was perfused with the standard extracellular solution. Gigaseals were achieved between
sperm midpiece and high resistance (8-12 Mohm) borosilicate glass pipettes filled with either
quasi-physiological standard intracellular solution or Cs+ -based divalent-free intracellular
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solution to study outward membrane conductance (Gm) that is predominantly carried by K+
ions (Brown et al., 2016) and CatSper channels respectively. Transition to whole-cell
configuration was achieved by applying brief suction. Outward membrane conductance was
studied by imposing a depolarising ramp protocol (−92 to 68 mV) over 2500 ms, and
membrane potential was held at −92 mV between test pulses. The effect of Trequinsin and
PDE-I on reversal potential (Erev) and outward conductance was assessed by regression
analysis over the voltage range where membrane current crosses the x-axis (I =0) and outward
current from 20 to 68 mV respectively (Brown et al., 2016). After achieving the whole-cell
configuration, monovalent CatSper currents were recorded by superfusing sperm with Cs + based divalent-free bath solution. Currents were evoked by a ramp protocol (−80 to 80 mV
over 1 s). Membrane potential was held at 0 mV between ramps. The data was extrapolated
at 2 kHz and filtered at 1 kHz (PClamp 10 software, Axon Instruments, USA). The postrecording analysis was conducted as described previously to adjust for liquid junction
potential and normalise for cell size (Brown et al., 2016).
2.5.6.1 Standard Extracellular Solution

The standard extracellular solution was prepared with 135 mM NaCl, 5 mM KCl, 2 mM CaCl2,
1 mM MgSO4, 20 mM HEPES, 5 mM Glucose, 1 mM Na pyruvate, 10 mM Lactic acid in Milli-Q
water. The pH was adjusted to 7.4 with NaOH, which brought [Na+] to a final concentration
of 154 mM.
2.5.6.2 Standard Pipette Solution

The standard pipette solution was prepared with 10 mM NaCl, 18 mM KCl, 92 mM K
gluconate, 0.5 mM MgCl2, 0.6 mM CaCl2, 1 mM EGTA, 10 mM HEPES in Milli-Q water. The pH
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was adjusted to 7.4 using KOH, which brought [K+] to 114 mM and [Ca2+] to 0.1 µM, final
concentrations.
2.5.6.3 Cs+-based Pipette Solution

The Cs+-based pipette solution was prepared with 130 mM Cs-methanesulphonate, 40 mM
HEPES, 1 mM Tris–HCl, 3 mM EGTA and 2 mM EDTA in Milli-Q water. The pH was adjusted to
7.4 with CsOH.
2.5.6.4 Cs+-based Extracellular Solution

The Cs+-based Extracellular solution was prepared with 140 mM Cs-methane sulphonate, 40
mM HEPES and 3 mM EGTA. The pH was adjusted to 7.4 with CsOH.

Cyclic Nucleotide Measurements
For full method development, refer to Chapter 3 methodology.

Compliance with design and statistical analysis requirements
This research did not include the use of animals. Statistical power analysis was conducted to
ensure the group size was sufficient to measure an effect for each experiment using R pwr
package (RRID: SCR_001905) (pwr.2p.test) and Cohen’s effect size analysis (Control vs
treatment, Sig level = 0.05, power = 0.8). N numbers refer to data from independent samples.
Donor samples were allocated randomly by the technical team, and patient samples were
provided by the ACU based on consent and recruitment on the day of treatment. In cases of
analysis of responses from individual patients, replicates were not possible. Therefore, the
analysis was conducted, as indicated in the “Data and Statistical Analysis” section.
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General Statistical Analysis
Data were analysed using Microsoft Excel™ or GraphPad Prism™ (version 5, 7 and 8, GraphPad
Software Inc.). The Kolmogorov-Smirnov test was used to test the distribution of data, unless
otherwise stated. Statistical comparisons for the effect of PDE-I vs Control conditions were
analysed with paired, unpaired t-tests or 2-way ANOVA Sidak’s multiple comparison analysis
as appropriate using the statistical package GraphPad Prism 5, 7 and 8 (La Jolla, CA, USA)
unless stated otherwise. P <0.05 as represented by *, <0.01** and <0.001*** were
considered significant. [Ca2+]i and pHi studies were recorded as the percentage change in
fluorescence from baseline conditions. For the analysis of individual patient sperm motility
results, statistical significance was recorded when the ± SD did not overlap for control and
treatment conditions (Tardif et al., 2014).

Nomenclature of Targets and Ligands
Key protein targets and ligands within the studies are hyperlinked to corresponding entries
(where possible) in http://www.guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al., 2018).
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Chapter 3
Development of methodology for the extraction and
quantification of cyclic nucleotides from human sperm
using HPLC
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Introduction
Human sperm capacitation is a coordinated complex change in sperm biochemistry that is
necessary for the acquisition of sperm fertilising competence (Visconti, 2009; Visconti et al.,
2011). Although the molecular processes currently purported to play a role in human sperm
capacitation are poorly understood (De Jonge, 2017), cyclic nucleotides are established
second messengers that are necessary for fertilisation competence (Litvin et al., 2003;
Esposito et al., 2004; Buffone et al., 2014; Jansen et al., 2015; Maréchal et al., 2017). cAMP
and cGMP have been the best studied throughout mammalian species (i.e. boar, murine and
human) (Lefièvre, De Lamirande and Gagnon, 2000; Visconti, 2009; Wertheimer et al., 2013;
Buffone et al., 2014; Mukherjee et al., 2016; Balbach et al., 2018). Levels of intracellular cyclic
nucleotides are highly dynamic, and availability depends on the concerted action of both
synthesis by cyclases and degradation by PDE.
sAC, adenylate cyclase type 10 (ADCY10) (Buffone et al., 2014), is directly regulated by
intracellular bicarbonate and calcium ions and is thought to be the essential source of cAMP
in human sperm (Ren et al., 2001; Brenker et al., 2012; Alasmari et al., 2013a; Brown et al.,
2016). Upon ejaculation, the elevated pH (≥ 7.2) (Mishra et al., 2018) and HCO3- (25 mM)
(Ricardo, 2018) in seminal plasma sperm may facilitate a rapid increase of cAMP levels due to
increased activity of sAC (Litvin et al., 2003). The importance of sAC for mouse sperm motility
was confirmed by the genetic ablation of the sAC gene as mutant male mice are infertile due
to the production of immotile sperm (Esposito et al., 2004). Moreover, the motility and
fertilisation potential of sperm in vitro from mice lacking the sAC enzyme was rescued in a
transgenic mouse model expressing a photoactivatable adenylyl cyclase (Jansen et al., 2015).
In humans, a rare homozygous deleterious frameshift mutation in ADCY10 predicted to cause
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a premature translation termination site has recently been suggested to cause male infertility
due to severe asthenozoospermia (Akbari et al., 2019).
cGMP in human spermatozoa is produced through the modulation of GC in response to NO
(Miraglia et al., 2011). Through downstream activation of cGMP-protein kinase (PKG), cGMP
has been implicated in sperm signalling pathway functions such as capacitation, acrosome
reaction and sperm-oocyte interaction (Revelli et al., 2002; Miraglia et al., 2011). A supporting
study has shown that KO sGC mice are sub-fertile (Groneberg et al., 2013).
Therefore the weight of evidence suggests that suboptimal nucleotide levels may underpin
asthenozoospermia (reduced sperm motility) which is one of the most common aetiologies
of male sub-fertility (Tardif et al., 2014; Kumar and Singh, 2015; Martins da Silva et al., 2017;
Barratt, De Jonge and Sharpe, 2018). In further support of this, studies using PDE-I to prevent
the breakdown of cyclic nucleotides have demonstrated improvements in donor and patient
sperm motility (Fisch, Behr and Conti, 1998; Lefièvre, De Lamirande and Gagnon, 2000; Tardif
et al., 2014; Yang et al., 2014; Maréchal et al., 2017). However, to demonstrate impaired cyclic
nucleotide production and study the mode of action of PDE-I compounds, quantification of
these messengers involved in sperm movement is essential (Partea et al., 2012).
Detection of cyclic nucleotides from human sperm has proven challenging (Fontaine et al.,
2014) due to their low intracellular concentrations, high sperm numbers required for analysis
and limitations of current detection methods (Lorenzetti et al., 2007). Attempts at detection
and quantification have relied on RIA or ELISA (Lefièvre, De Lamirande and Gagnon, 2000;
Esposito et al., 2004; Willipinski-Stapelfeldt et al., 2004; Jansen et al., 2015). While these
methods are sensitive and selective, they pose several disadvantages. The radioactive
reagents and antibodies required have short shelf lives, and for RIA, there is a risk of radiation
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exposure for operators and issues of disposal of toxic waste. Additional drawbacks include
the high expense and low throughput nature of the assays. Therefore RIA and ELISA are
unsuitable options for routine analysis of cyclic nucleotides in patient sperm (Grange,
Thompson and Lambert, 2014).
HPLC is a technique used the separate molecules based on size and surface charge, in
corporation with UV spectroscopy, UV-HPLC allows the concentration of molecules to be
determined following separation. UV-HPLC can yield accurate and reproducible results. UVHPLC is a quick, sensitive and highly automated system that offers the advantage of method
standardisation. This present study details a practical and straightforward methodology for
the extraction, detection and quantification cyclic nucleotides from healthy donor human
sperm using UV-HPLC.

Materials and Methods
3.2.1 Reagents
cAMP and cGMP standard material (HPLC grade, > 98 % purity), potassium phosphate
(KH2PO4), sodium acetate, HPLC/LC-MS grade acetonitrile (ACN), acetone, phosphoric acid
were purchased from Sigma Aldrich, Dorset, UK. Methanol and trifluoroacetic acid (TFA) were
purchased from Fisher Scientific, Leicestershire, UK, Ultrapure water (18.2 MΩ cm) Milli-Q®
Advantage A10 system from Merck, Feltham, UK.

Stage 1: HPLC Method Development
Initial experimental studies were conducted using boar sperm due to ease of availability.
These experimental studies determined the optimum reagents to use, HPLC wavelength
settings, sample preparation, and analysis, which were then used for the human study with
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minor alterations where required.

Any alterations are discussed in this chapter. All

preliminary experiments and results can be found in Appendix 2.
3.3.1

HPLC System

The HPLC system: Waters 1525 binary HPLC pump, 2487 dual λ Absorbance detector, 717
plus autosampler and a Synergi™ 4 µm fusion – RP 80A, C18 Reversed Phase (RP) analytical
column (150 mm × 4.6 mm Internal Diameter (I.D), 4 µm particle size) along with Column
Guard and Security Guard Cartridges, Fusion-RP 4 x 2.0 mm ID (Phenomenex, Cheshire, UK).
3.3.2 Preparation of Mobile Phase for cyclic nucleotide separation
Isocratic elution was chosen at a flow rate of 1 mL/min: the mobile phase (Solvent A) consisted
of, 1 L of 20 mM KH2PO4 in ultrapure H2O, pH 2.5 with 2.5 % phosphoric acid, 1 mL of 0.1 %
TFA and 1 mL of 0.1 % ACN, which was thoroughly mixed and degassed before introduction
to the HPLC system. The HPLC system was equilibrated with the mobile phase for a minimum
of 60 mins before use (1 mL/min).
3.3.3 Preparation of Cyclic Nucleotide Standards for Quantification
Standard stock solutions of cAMP and cGMP (cAMP lot: SLBJ8361V; cGMP lot: SLBG0423V)
were prepared to 100 mg/L in the mobile phase. Each stock solution was then serially diluted
(x 5) in Solvent A (1: 10), vortexed to mix and stored at 2 – 8 °C until required for testing.
Grade A volumetric glassware was used throughout the process and a calibrated analytical
balance to measure the cyclic nucleotides: cAMP (6.08 x104 pmol) and cGMP (5.79 x104 pmol).
3.3.4

λMax Determination

The GENESYS 10S UV-VIS spectrophotometer (Thermo Scientific, Loughborough, UK) was
used to measure the UV absorbance for each cyclic nucleotide. The cyclic nucleotides were
loaded into quartz cuvettes and measured in triplicate between a selected UV absorbance
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ranges of 245 – 265 nm. A standard curve was generated, and the lambda (λ) max was
determined for each analyte. The λmax of cAMP and cGMP was initially determined before
conducting the quantification of the reference compounds.
3.3.5 Quantification of the Cyclic Nucleotides using HPLC
Quantification of the Cyclic Nucleotides was determined following the International
Conference on Harmonization (ICH) methodology as described by Shabir (2004). In this study,
we measured linearity, accuracy, precision, Limit of Detection (LOD)/Limit of Quantification
(LOQ), repeatability and sustainability of the cyclic nucleotide standards and the suitability of
the instrumentation.

Stage 2: LC-MS Confirmation
In 2019, the institution purchased an LC-MS/MS. Whilst the methodology discussed in Stage
1 was validated on the HPLC system, the opportunity arose to utilise LC-MS/MS as an extra
confirmation for the cyclic nucleotide detection in human sperm extracts. This system was
used as a subsequent test but was not validated for regular use due to timing constraints. This
specialised piece of equipment works similarly to the UV-HPLC, however it is attached to a
tandem mass spectrometer consisting of two quadrupole mass analysers. This allows for the
detection of specific analytes based on the mass to charge ratio classed as product ions and
precursor ions.
3.4.1 LC-MS/MS Instrumentation
Confirmation of cAMP and cGMP in sperm extracts was performed using LC-MS/MS analysis
and was performed using the Thermo Finnigan Surveyor LC-MS/MS system (Thermo
Scientific, Loughborough UK) consisting of MS Pump Plus with a vacuum degasser,
Thermostated column oven (maintained at 30 °C), Autosampler (AS), PDA Plus Detector and
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a TSQ Quantum Ultra triple quadrupole mass spectrometer. Sample injection volume was 10
µl. The chromatographic separation was performed using a Synergi Fusion C18 column fitted
with a column guard cartridge as previously described.
An isocratic elution of Solvent A consisting of 80:20 water: methanol (MeOH), at 300 µl/min
for a total run time of 35 mins. cAMP, cGMP and internal standard (IS) 8- Bromoadenosine
3’,5’-cyclic monophosphate (8-Br-cAMP) (lot SLBQ0308V) was detected via scanning the data
200-600 nm. The MS detector was operated in electrospray (ESI) positive mode using multiple
reaction monitoring (MRM) modes. The MS source conditions were as follows: spray voltage
3.5 kV, capillary temperature 270 °C, sheath gas pressure 5 psi.
The following transitions were monitored with a dwell time of 0.1 s: cAMP 330.1 → 135.9,
collision energy (CE) 26 eV and tube lens (TL) 90 V. cGMP 346.1 → 152.5, CE 16, TL 119 V. IS 8Br-cAMP 408.1 → 214.3, CE 25 eV and TL 134, 8-Br-cAMP 410.2 → 216.0, CE 24 eV and TL 118
V.
3.4.2 Preparation of Cyclic Nucleotide Standards for LC-MS Detection.
Standard stock solutions of cAMP, cGMP and IS 8-Br-cAMP were prepared to 1 mg/L of each
using an analytical balance. The powders were dissolved in 50 % ultra-pure H2O and 50 %
MeOH in Grade A glass volumetric flasks, vortexed to mix and stored in the refrigerator (2-8
°C) until required for testing.

Stage 3: Extraction of Cyclic Nucleotides from Human Sperm
3.5.1 Ethical Approval for Human Sperm Preparation
For Ethical Approval details, refer to Section 2.2.1. Sperm samples used in this study had
concentration and motility parameters within normal ranges, as per WHO 2010 criteria
(Cooper et al., 2010).
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3.5.2 Semen Sample Selection and Preparation
For full sample selection and preparation methods refer to Section 2.2.2. Donor samples were
allocated at random by a member of the technical team. In brief, sperm was prepared by DGC
using a two-layer buffered percoll 40 % and 80 % solution. ≤ 1.5 mL of semen was added to
the gradient (2 mL 40 % underlaid with 2 mL 80 %) and then centrifuged (300 g, 20 min). The
pellet was washed in NCM (500 g, 10 min), and the sperm resuspended in 1 mL CM,
bicarbonate-buffered media to support capacitation and incubated (37 C, 5 % CO2) for 3 hrs.
3.5.3 HPLC Sample Preparation
Following capacitation, ~1 x107 per mL spermatozoa were centrifuged (5 min, 300g), and the
supernatant disposed of. The pellet was re-suspended in 500 μL of 100 % ice-cold acetone,
sonicated at 39 kHz for 10 sec in a cold-water bath and then left on ice for 5 mins to ensure
precipitation of the proteins. To remove the cellular debris and phospholipids, the samples
were briefly vortexed and centrifuged (5 min, 300g), the supernatant was removed and placed
in a fresh 1.5 mL centrifuge tube. The sample was placed in liquid nitrogen and snap-frozen
and stored on dry ice (Fig 3.1).
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Figure 3.1: Workflow of cyclic nucleotide extraction from human sperm (~ 1 x 10 7 sperm per
mL). After centrifugation, the pellet was lysed using acetone for protein precipitation, followed by a short 10sec burst sonication in a sealed water bath. The samples were then kept on ice to remove interfering
contaminants before centrifugation and supernatant removal for solid-phase extraction filtration.

3.5.4 Solid-Phase Extraction of Cyclic Nucleotides
Cyclic nucleotides were extracted using Strata™-X-AW (Phenomenex, Cheshire, UK) 33 µM
polymeric weak anion solid-phase extraction (SPE) cartridges. Cartridges were pre-treated
with 1:1 100 mM sodium acetate and water (final pH 4), conditioned with 0.5 mL 100 %
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methanol and equilibrated with 0.5 mL 100 mM sodium acetate (final pH 4). The supernatant
was then loaded into the cartridge, washed with 0.5 mL of sodium acetate (final pH 4),
followed by 0.5 mL of 100 % methanol; dried for 5 min under full vacuum before 0.5 mL of 28
- 30% weight solution of ammonium hydroxide was added to methanol (95:5) to elute the
cyclic nucleotides into ice-cold 1.5 mL centrifuge tubes. This solution was then dried under
nitrogen for 30 min and suspended in 0.5 mL of mobile phase (20 mM potassium phosphate
in 100 % ultrapure water, pH 2.8 adjusted with 2.5 % phosphoric acid). The resuspended
solution was vortexed to mix and pipetted into clear glass 12 x 32 mm Snap Neck Total
Recovery Vials (Waters, UK) and placed into the sample holder for HPLC testing. A detailed
step-by-step description of the SPE workflow can be found in Appendix Fig 8.1.

Data and Statistical Analysis
HPLC data was extracted using Breeze 2 software and analysed using Microsoft Excel; results
are expressed picomoles per million sperm. Thermo – Xcalibur Qual browser and Thermo
LCquan application were used for LC-MS/MS data collection. A total of 16 donors were
included in this study, a minimum of triplicate ejaculates was collected and extracted for each
donor. Each ejaculate was prepared tested in duplicate. Results are represented as mean
levels ± SD between each ejaculate. Statistical comparisons such as paired t-tests, one-way
ANOVA and Sidak’s multiple comparison analysis as appropriate using the statistical package
GraphPad Prism 7 (La Jolla, CA, USA) unless stated otherwise. P < 0.05 as represented by * is
considered significant.
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Results & Discussion
3.7.1 λMax Determination
Current methods for the quantitative analysis of the cyclic nucleotides in somatic cells
requires different radioactive and fluorogenic substrates or fluorescence derivatisation
agents (Lorenzetti et al., 2007; Contreras-Sanz et al., 2012). Although sensitive, these
methods are time-consuming and only allow for the determination of one analyte at one
given time (Van Damme et al., 2012; Jia et al., 2014). In turn, EIA kits for quantification of
cAMP and cGMP (e.g. from Cayman Chemical) do not need radioactive or fluorogenic
substrates. These assays measure cyclic nucleotide levels down to 0.1 pmol/mL, whilst
sensitive, is costly for routine use, and time-consuming. For example, 36 samples run in
duplicate has a total time of 18 hours for plate incubation and 1-1.5 hours for plate
development. Currently, this EIA method isn’t suitable for human sample use. Therefore, the
aim is to match the sensitivity of the EIA kits, to improve cost efficiency and to reduce result
time using HPLC.
HPLC, coupled with UV detection, is a commonly used technique for nucleotide identification
but requires chromatographic peak separation. One of the advantages of the system used in
this method is the use of a dual-wavelength detector providing simultaneous analysis of a
mixture of cyclic nucleotides, reducing preparation and assay time. Using UV spectra testing
(range of 245 – 265 nm) the optimal absorbance of each cyclic nucleotide was determined as
cAMP: 256/257 nm and cGMP: 251/252 nm (Fig 3.2 A). Based on these results, the UV range
of 247 – 262 nm was scanned using the HPLC system and the area under the curve (mAU/s)
was recorded. The reference compounds identified similar λmax results of cAMP: 256 nm and
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cGMP: 255 nm using the HPLC system there these wavelengths were used for subsequent
analysis (Fig 3.2 B).

Figure 3.2: λmax determination of cyclic nucleotide s. (A) The absorbance of each standard cAMP and
cGMP was initially assessed by UV spectrophotometry to identify a wavelength testing range before HPLC UV
testing. (B) The HPLC instrumentation identified the optimal wavelength for cAMP as 256 nm and cGMP 255 nm.

3.7.2 HPLC method development and optimisation
In reproductive biology, the challenge of measuring cyclic nucleotides from sperm extracts is
obtaining a sufficiently high enough yield to overcome sensitivity (LOD) of the system.
Therefore cAMP and cGMP are typically assessed in the presence of PDE inhibitors such as
IBMX and Sildenafil to aid their detection (Lefièvre, De Lamirande and Gagnon, 2000; Lefièvre,
de Lamirande and Gagnon, 2002; Wunder et al., 2009; Maréchal et al., 2017). This presents a
significant disadvantage and to date, many reports measure relative levels of either cAMP or
cGMP following an external stimulus using commercially available ELISAs, rather than
absolute concentrations (Kingan, 1989; Eyer et al., 2013). Therefore, offering a methodology
that can measure basal levels could provide biologically important information of cyclic
nucleotide activity in human sperm.
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HPLC is widely employed in many research institutions, and hospitals making them readily
available, versatile platforms for detecting a multitude of analytes (Hepburn, 2016). Liquid
chromatography (LC) techniques to detect and quantify these secondary messengers are
continuously advancing, and the ease of UV-HPLC application has been demonstrated for the
determination of 3’-5’- cAMP and 3’5- cGMP in biological samples (Contreras-Sanz et al.,
2012; Singh, Pai and Pandit, 2012; Van Damme et al., 2012; Burhenne and Kaever, 2013; Jia
et al., 2014). Consistent with other studies for somatic intracellular cyclic nucleotide
measurement (Contreras-Sanz et al., 2012; Van Damme et al., 2012; Burhenne and Kaever,
2013), we utilised UV-HPLC. Analytical UV-HPLC method development for cyclic nucleotides
can, however, be a complicated process. (Colin and Guiochon, 1977). This is primarily due to
a large number of parameters that can impact the resolution of the method. These include
column chemistry, solvent system, temperature, gradient shape and flow rate. These
parameters were taken into consideration for the optimisation of this methodology. The
Synergi Fusion-RP column was chosen to separate the cyclic nucleotides. While various
columns are suitable for the detection of cyclic nucleotides, the Synergi Fusion RP-C18
allowed for the simultaneous retention and resolution of the analytes after simple SPE, which
is discussed comprehensively below.
The Synergi Fusion-RP C18 column provides low hydrophobicity and high selectivity to provide
the optimal stationary interface for compound separation (Phenomenex, 2017). For the
optimisation and separation of the hydrophilic analytes, column chemistry interactions were
observed through several determinants such as solvent type, solvent strength, and flow rate.
Since most compounds analysed by UV-HPLC contain one or more acidic or basic functional
groups, most mobile phases require pH control. For this reason, potassium phosphate buffer
is favourable and offers the advantage of UV transparency (Snyder, Kirkland and Glajch,
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1997). A series of alternative mobile phases consisting of potassium phosphate buffer with
varying concentrations of TFA and ACN were considered (data not shown), leading to 0.1 %
TFA coupled with 0.1 % ACN, pH 2.5 as the mobile phase of choice. The use of ion-pairing
reagents as mobile phase additives allows the separation of ionic substances on RP-HPLC
columns (Contreras-Sanz et al., 2012). TFA is widely used for ion-pairing with biological
molecules, such as proteins and peptides, it equilibrates quickly, can be used with gradient
elution (Baker et al., 2007; Hayes et al., 2014; Golkowski et al., 2016) and reduces peak tailing
(i.e., distortion of peak symmetry), while the addition of ACN enhances peak shape (Joshi,
Kumar and Rathore, 2015). Many LC methods fail to adequately separate cAMP and cGMP
(Harper, Barratt and Publicover, 2004; Jia et al., 2014), making their quantification challenging
due to the structural similarity of purine and pyrimidine cyclic nucleotides. However, the
method of choice in this study can readily separate the two analogues despite the structural
similarity of 3'-5' - cAMP and cGMP (Fig 3.3).

Figure 3.3: HPLC UV Chromatogram of 3’ -5’- cAMP and 3’-‘5- cGMP standard material. Using Breeze 2 software

the peaks of cAMP and cGMP are identified with the resepctive chemical strucutures. The molecular weight is 329.20 g/mol
and 345.21 g/mol respectively. Flow rate: 1 mL/min, inj. vol: 200 µl, Solvent A: 20 mM KH2PO4 in ultrapure H2O, pH 2.5
with 0.1% TFA and 0.1 % ACN, run time: 15 mins per inj.
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3.7.3 Limits of Detection (LOD) and Quantification (LOQ)
LOD and LOQ were calculated using the excel STEYX function to determine the standard
deviation (SD) of the response (σ) and the slope of the calibration curve (S) as recommended
by Waters 2006 “A guide to analytical method validation”. LOD was calculated as 𝐋𝐎𝐃 =
cAMP: 86 fmol and cGMP: 299 fmol, with 𝐋𝐎𝐐 =

𝟏𝟎𝝈
𝐒

𝟑.𝟑𝛔
𝑺

calculated as cAMP: 260 fmol and

cGMP: 990 fmol. However, the limitations may differ between varies systems and set up, for
example, LOD of an established RP-LC method for cAMP and cGMP quantification from
murine tissue extracts was determined as 153 fmol and 487 fmol, LOQ was determined as 510
fmol and 1623 fmol for cAMP and cGMP respectively (Fontaine, et al., 2014). However, this
methodology differed in experimental conditions such as injection volume and flow rate.
3.7.4 Reference material linearity and reproducibility
The set calibration range was defined through the manufacture of three lots of each cyclic
nucleotide. Consistent with ICH guidelines for linearity and range, six concentration levels
were established (recommended minimum of 5) (Fig 3.4 A & B, Table 3.1). Using one-way
ANOVA, Turkey’s multiple comparison tests showed no significant difference from lot to lot
(Supplementary Table 8.2 A & B). Each standard lot showed significant, robust correlations
and linear regressions of R2 = 1 (Supplementary Table 8.3 A and B). Following ICH guidelines
(Shabir, 2004), a suitable level of reproducibility of the standard working material
manufacture was demonstrated (CV < 15 %) (Table 3.1).
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Figure 3.3: Lot-to-Lot reproducibility and linearity assessment of 6 cAMP and cGMP reference
material standards.

Table 3.1: Lot to Lot Reproducibility of the working cAMP and cGMP standards
Standard Conc.
(pmol/inj.)

Mean of 3 Standard Lots
(mAU/s)

CV (%)

cAMP

cGMP

cAMP

cGMP

cAMP

cGMP

A

0.608

0.579

478.31

448.38

7.49

11.01

B

6.08

5.79

4650.29

3818.97

11.62

6.50

C

60.8

57.9

41637.49

34853.16

3.99

3.17

D

608

579

418683.4

354978.98

3.76

2.54

E

6080

5790

4158432

3578547.49

5.00

1.30

F

60800

57900

42763120

35421318.3

4.55

2.18

3.7.5 Cyclic Nucleotide stability and Assay Precision
Under the same testing conditions, within-run precision of each calibration level was assessed
in replicates of 10 (Table 3.2). Each standard was below the recommended CV of 15 % as
stipulated by ICH. With the highest percentage for cAMP being 8.01 % and cGMP being 9.09
%. Storage of reference materials is essential for preserving the integrity of the samples.
Intraday assay precision and stability were also assessed on seven consecutive testing days
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81 0 4

(Table 3.3) with individual standard sets refrigerated at 2-8 °C intermittingly. The intraday
precision values range for cAMP and cGMP were: 1.69- 4.77 % and 1.20 - 10.31 % respectively.
One-way ANOVA, (Tukey multiple comparisons) tests showed no significant difference
between testing days and a CV lower than 15 % for each analyte was produced throughout;
this indicates that the method and instrumentation are repeatable and reproducible,
according to internationally accepted guidelines (Shabir, 2004).
Table 3.2: Demonstration of the repeatability of the HPLC assay for cAMP and cGMP as shown
by the results of 10 replicate injections of each standard level.
Standard Conc.

Peak Area as mean of 10 reps (mAU/S)

CV (%)

(picomoles/inj.)
cAMP

cGMP

cAMP

cGMP

cAMP

cGMP

A

0.608

0.579

439.55

498.77

8.01

8.01

B

6.08

5.79

4487.78

4561.39

4.96

9.09

C

60.8

57.9

44102.00

35529.55

1.05

3.91

D

608

579

418391.50

349220.74

0.03

1.83

E

6080

5790

412956.12

3529495.22

0.26

0.20

F

60800

57900

42901237

35121905.63

0.37

0.38

Table 3.3: Demonstration of the Intra -run precision of the HPLC assay over a seven
consecutive day testing period.

Standard

cAMP

cGMP

Intra-Run precision

Intra-Run precision

Measured (Mean ± SD)

CV (%)

(mAU/s)

Measured (Mean ± SD)

CV (%)

(mAU/s)

A

461.1

4.77

484.6

10.31

B

4552

3.05

3731

9.09

C

42449

3.36

33661

3.96

D

412617

2.98

351597

1.86

E

4080675

1.69

3553698

1.20

F

40672310

2.47

35221263

1.21
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3.7.6 Sperm sample preparation
In the sample preparation procedures described previously, the transference of the
supernatant to the SPE cartridge acts as an additional trap for residual protein content as the
vast majority of the proteins are removed by precipitation (and centrifugation) in the acetone
solution, whilst enriching the compounds of interest, in this case, cAMP and cGMP (Van
Damme et al., 2012). Phospholipids can experience some partial breakthrough during the SPE
process (elution with 100 % water), but they are subsequently entirely retained on the (C18)
guard column (Van Damme et al., 2012). In this way, ion suppression is effectively avoided as
ascertained by a constant response of the reference standards measured at the beginning of
each study. Of note, several key steps were discovered in developing the current protocol.
Firstly, SPE was pivotal in aiding the isolation and detection of the cyclic nucleotides in human
samples. Before the application of this technique, quantification was reduced due to the
accumulation of unwanted proteins and any debris that was not removed via centrifugation.
This resulted in difficult to read chromatograms, a reduced lifetime of the column, frequent
replacement of the column guard filters and increased backpressure of the instrumentation
(data not shown). Secondly, consistent with other methodologies (Lefièvre, de Lamirande and
Gagnon, 2002; Burhenne and Kaever, 2013) the samples were kept on ice throughout sample
preparation process to prevent any degradation of the cyclic nucleotides.
3.7.7 LC-MS/MS Application
Since cAMP and cGMP are essential secondary messengers and could serve as biomarkers,
their measurement in sperm is of great interest. LC-MS/MS was employed to show the
potential applicability of the method and assurance of the cyclic nucleotide by RP-HPLC
identification, thus supporting the HPLC findings.
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As cyclic nucleotides can behave as zwitterions, both the positive and negative ES ionisation
could potentially be used for their analysis (Lorenzetti et al., 2007). In this study, the positiveion ESI-MS was chosen due to the specificity and sensitivity advantages (Ho et al., 2003)
Consistent with previous studies (Lorenzetti et al., 2007; Oeckl and Ferger, 2011) ion-pairing
agents were not used on this platform because of their substantial background contribution
and source pollution (Lorenzetti et al., 2007). Chromatographic separation of each standard
of the cyclic nucleotides (~ 304 pmol cAMP, ~ 289 pmol cGMP per injection) and IS 8-Br-cAMP
(~ 245 pmol) was achieved by liquid chromatography before using the mass spectrometer to
distinguish analytes based on their mass to charge ratio. 8-Br-cAMP (lot SLBQ0308V) was
chosen because it is readily commercially available, relatively inexpensive, not naturally
present in mammalian cells (Jia et al., 2014) and the cyclic phosphate group of 8-Br-cAMP is
shared with the cyclic nucleotides, resulting in similar ionisation efficiencies. Tandem mass
spectrum with the selected precursor ions while MS-MS fragmentation of the cyclic
nucleotides of the product ions to the precursor ions is shown in Table 3.4. Figure 3.4 A shows
an example HPLC chromatogram of the mixed standard material separation with
corresponding mass spectra for cAMP (Fig 3.4 B), cGMP (Fig 3.4 C) and IS 8-Br-cAMP (Fig 3.4
D). The IS was then spiked into the human lysates to allow the production of sample extracted
ion mass chromatogram identification with separation and corresponding RT to that of the
standard material (Fig 3.5). Sperm sample mass-charge (M/Z) for the product ions are shown
in (Fig 3.6 A-C).
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Table 3.4: MRM Transitions of quantifier parent and daughter ions for each cyclic nucleotide.

Parameters

3’,5’ - cAMP

3’,5’ cGMP

8-81BR-cAMP

Product Ion+ (m/z)

330.1

346.1

410.2

Precursor Ion+ (m/z)

136.1

152.4

216

Ret. Time (min)

11.0

17.9

23.3

A

cAMP
cGMP

8-Br-cAMP

B

C

D

Figure 3.4: Reconstruction of the UV -HPLC chromatogram output from the LC-MS/MS system.
(A) and mass spectra for (B) 3’5’-cAMP, (C) 3’-5’- cGMP and (D) IS 8-Br-cAMP standard reference material.
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Figure 3.5:LC-MS/MS Chromatogram. Relative abundance reconstructed chromatogram from a IS 8-Br-cAMP spiked
(parent ion = 410; daughter ion = 216) donor sperm sample showing the identification of 3’-5’-cAMP (product ion = 330;
precursor ion = 13) and 3’-5’- cGMP (product ion = 346; precusor ion = 152).
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A

B

C

Figure 3.6:M/Z Spectra. Corresponding M/Z spectra of (A) 3’5’-cAMP, (B) 3’5’-cGMP and (C) IS 8-Br-cAMP for the
donor sample shown in Fig 3.7.
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3.7.8 Measurement of Cyclic Nucleotides in Human Sperm
To measure the cAMP and cGMP content in human sperm, ejaculated semen samples from
16 healthy donors were prepared and examined after SPE treatment. Samples from each
donor were measured in triplicate, and the standard deviations were calculated (Table 3.5).
The measured range revealed values of 1.04 – 30.8 pmol for cAMP (mean 10.85 ± 7.77) and
0.16 – 5.66 pmol cGMP (mean 1.7 ± 1.5) per 106 sperm (Fig 3.7 A & B) which are in agreement
with reports of cyclic nucleotide concentrations (Willipinski-Stapelfeldt et al., 2004).
Comparative analyses of the cyclic nucleotides showed that cAMP levels were above the level
of quantification for all donor samples and 14/16 samples for cGMP. The levels of cAMP were
significantly greater than cGMP (Fig 3.7 C). The reason for this is unknown; however, as cyclic
nucleotide production is achieved via the counterbalance of cyclase and PDE activity, it may
be due to innate variability of expression and function in each individual. In this sample set,
there was considerable inter-donor variability; however, large inter-sample variations have
frequently been reported, both in basal levels and in levels attained after activation of the
cyclases (Lefièvre, De Lamirande and Gagnon, 2000; Lefièvre, de Lamirande and Gagnon,
2002; Willipinski-Stapelfeldt et al., 2004; Van Damme et al., 2012; Jia et al., 2014; Goupil et
al., 2016). Whilst capacitation time was controlled to a 3 hr exposure following WHO
guidelines (WHO, 2010), it is possible that the deviations observed could potentially be due
to variability with capacitation time as the timing of sperm capacitation varies reproducibly
among men (Ostermeier et al., 2018). The validation of different lots of the cyclic nucleotides
described above suggests that bio-variability between and within the donors plays a larger
role than variability with the testing method. Capacitation time at T=0 was not assessed due
to limited sample availability and, as seen with the preliminary boar data, variation in cyclic
nucleotide levels was present, regardless of capacitation status (Figure 9.9).
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Table 3.5: Mean concentration values of cAMP and cGMP from 16 donor sperm samples
(minimum of 3 ejacu lates per donor). Shapiro-Wilk normality test was passed for donor cyclic
nucleotide testing. * Represents estimated cGMP values that are >LOD but <LOQ.
Donor Sample

Conc cAMP (pmol/ M sperm) ± SD

Conc cGMP (pmol/ M sperm) ± SD

1

3.32 ± 1.61

0.16 ± 0.06*

2

1.02 ± 0.25

1.14 ± 0.35

3

14.89 ± 2.49

0.97 ± 0.24

4

24.67 ± 3.77

2.95 ± 0.66

5

4.67 ± 0.85

0.93 ± 0.19

6

3.68 ± 1.80

0.77 ± 0.51

7

18.86 ± 6.09

0.39 ± 0.28*

8

11.32 ± 1.39

4.94 ± 0.69

9

12.86 ± 2.43

0.86 ± 0.47

10

1.51 ± 0.32

1.40 ± 0.63

11

2.99 ± 0.26

2.74 ± 1. 47

12

2.74 ± 1.84

2.54 ± 1.95

13

11.53 ± 2.53

0.44 ± 0.48

14

14.89 ± 9.66

0.56 ± 0.21

15

2.29 ± 0.35

1.51 ± 0.14

16

15.07 ± 0.23

3.00 ± 0.01
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Figure 3.7: Measured concentrations of (A) cAMP and (B) cGMP in sperm from 16 donors represented as
(pmol/M sperm). Each cyclic nucleotide concentration was calculated from 3 ejaculates (C) The average for cAMP and cGMP
was taken ± SD. Paired t-test shows that the donors have a significantly higher basal level of cAMP than cGMP (p = <0.0001).
cGMP levels for donors 1 & 7 were > LOD but < LOQ..
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Conclusion
Cyclic nucleotides are essential for sperm fertilisation competence. However, measuring
these labile molecules from human sperm has proven challenging due to biological and
technical reasons. This study aimed to develop an efficient and versatile extraction, filtration
and identification protocol that can detect and quantify cAMP and cGMP in human
spermatozoa using HPLC.
We describe a method that permits simultaneous quantification of cAMP and cGMP.
However, given the flexibility of this technique, it has the potential to simultaneously measure
an array of intracellular molecules, thus giving biochemical profiles of human sperm
populations under different physiological and pharmacological experimental conditions.
Such data may provide useful for characterising healthy and defective sperm populations
(Zerbinati et al., 2017; Zhao et al., 2018).
In summary, this study has provided proof of concept that HPLC is sensitive enough to detect
basal cyclic nucleotide levels in the majority of healthy human sperm samples. Further
development of this methodology, such as cyclic nucleotide derivatisation using UV
chromophores or fluorophores (Mukherjee and Karnes, 1996; de Moliner et al., 2017) and/or
use of Liquid Chromatography-Mass Spectrometry, could improve sensitivity to permit
accurate detection of levels from all sperm samples. This may prove useful as a screening or
diagnostic method for patient sperm affected by signal transduction errors (Akbari et al.,
2019).
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Chapter 4
Novel pharmacological actions of Trequinsin
Hydrochloride improve human sperm motility and
function
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Introduction
Asthenozoospermia (low sperm motility) has been reported as the leading cause of male
infertility (Kumar & Singh, 2015). ICSI is the most common and successful treatment for male
infertility. While it is a pragmatic solution, it involves invasive treatment of the female partner
and bypasses natural sperm selection processes. There are concerns that ICSI may be
associated with long-term health issues for the children born, particularly in cases where the
spermatozoa are predominately immotile and cannot fertilise under natural conditions
(Esteves et al., 2018; Hanevik et al., 2016). Therefore, the development of novel direct
treatments for male infertility is desirable, although this represents a significant challenge
due to the limited understanding of the regulation of normal and dysfunctional sperm (Barratt
et al., 2017).
[Ca2+]i is an established regulator of sperm function and a wealth of evidence suggests that
the principle cation channel in sperm (CatSper) influences sperm function and fertilisation
potential through the regulation of extracellular calcium influx (Strünker et al., 2011;
Tamburrino et al., 2014; Singh and Rajender, 2015; Williams et al., 2015). CatSper is confined
to the principal piece of the flagellum is modulated by pHi and membrane potential. It is
sensitive to progesterone (Lishko, Botchkina and Kirichok, 2011; Strünker et al., 2011), which
stimulates sperm penetration into a viscous medium (used as an in vitro model for regions of
the female reproductive tract) (Alasmari et al., 2013b; Barratt & Publicover, 2012). [Ca2+]i also
plays a significant role in the regulation of soluble cyclases that drive the production of cyclic
nucleotides. These key secondary messengers are fundamental for human sperm motility,
capacitation and acrosome reaction. Cyclic nucleotides are actively degraded by enzymatic
phosphodiesterases, and PDE-inhibitors can positively impact on sperm motility and function
(Maréchal et al., 2017; Tardif et al., 2014; Willipinski-Stapelfeldt et al., 2004).
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Identifying CatSper agonists to improve sperm motility and function is a logical approach to
drug discovery for male infertility. Martins da Silva et al., (2017) previously described the
development of an HTS strategy to identify compounds that increase [Ca2+]i concentration
and thereafter assessed the functional consequence of in vitro application of 2 compounds.
However, sperm motility is multiform, adaptive, and not every patient sample responded to
treatment in vitro. As such, there remains a clear need to continue to identify potential
therapeutic compounds. In this study, we hypothesised that novel CatSper agonists could be
identified by screening a library of small molecules with defined molecular targets
(chemogenomic library). This library was assembled from well characterised, commercially
available ligands (Tocris) for a range of validated drug targets including enzymes, receptors
and transporters. We demonstrate that Trequinsin hydrochloride, a phosphodiesterase 3inhibitor (PDE3-I) (Lal et al., 1984; Degerman, Belfrage and Manganiello, 1997) is highly
effective at inducing an increase in [Ca2+]i, which corresponded with improved sperm motility.
Detailed characterisation of the mechanism of action of Trequinsin suggests that these effects
are achieved through complex and novel pharmacological activity in human spermatozoa.

Experimental Design
The study aimed to investigate hit compounds from a chemogenomic drug library screen for
effects on sperm motility and to determine the mechanism responsible. This was achieved in
three phases. Phase 1 employed HTS of compounds for their ability to increase sperm [Ca2+]i
relative to a saturating concentration of P4. Phase 2 involved detailed sperm function tests,
and Phase 3 involved molecular analysis of Trequinsin hydrochloride, which was selected due
to its high efficacy in Phase 1 and its purported PDE3-I activity. A schematic outlining the
experimental approach is shown in Fig 4.1.
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Phase 1

HTS screening of chemogenomics
library using flurometric Flexstation
assay to assess sperm intracellular
calcium

Trequinsin produces potent increases
in calcium

Generation of concentration effect
curves by FLUOstar plate reader

Phase 2

Functional assessments on
Donor/Patient cells: CASA and
functional motility (viscous medium
penetration) and Acrosome
Reaction

Phase 3

Mechanistic assessments:
Electrophysiology for CatSper/ KSper.
pHi and cAMP/ cGMP

Figure 4.1: Experimental Plan : Systematic functional and mechanistic screening strategy for the
identification of the molecular and functional effects of Trequinsin.

Methods
4.3.1 Ethical Approval
Refer to Chapter 2 (Section 2.2.1)
4.3.2 Preparation of Donor and Patient Sperm Samples
All donors and patients adhere to an abstinence period of 2-5 days before sample collection
by masturbation into a sterile plastic container. The sample was placed in a 37 °C incubator
for 30 min to allow liquefaction. Semen samples from patients were categorised according to
84

WHO guidelines (Cooper et al., 2010). For full preparation details please refer to Chapter 2
Section 2.
4.3.3 Chemogenomics Library High-Throughput Screen
Preliminary analysis of all HTS primary and potency raw data was performed using the area
under the curve (AUC) function within the SoftMax Pro analysis software (SoftMax Pro Data
Acquisition and Analysis Software, RRID: SCR_014240) to quantitate agonist-evoked
fluorescence as previously described. Data was exported as a text file for further data
processing and analysis in Activity Base version 7.3.1.4 (IDBS) and the percentage effect (PE)
for each compound was normalised to the paired positive control (10 M P4). Compounds
were pragmatically classified on the basis of calcium fluorescence elicited and designated as
low responder (blue 20 – 49 %), mild responder (orange 50 – 89 %) and high responder (green
90 – 120 %) relative to P4 (Table 4.1). For full chemogenomics library methodology please
refer to Section 2.5.1.
4.3.4 HPLC Sample Preparation
After 3 hr incubation in CM, ~10 M/mL spermatozoa were treated with 1% DMSO (vehicle
control), 10 µM Trequinsin or 500 µM IBMX (positive control) and incubated for a further 20
min. The samples were centrifuged (5 min, 300 g), the supernatant disposed of and the pellet
re-suspended in 0.5 mL of 100 mM sodium acetate (pH 4), sonicated for 1 min in a water bath,
briefly vortexed and centrifuged again (5 min, 300 g). The supernatant was removed and
placed in a fresh Eppendorf, snap-frozen in liquid nitrogen and stored on dry ice until SPE.
For full SPE extraction methodology and HPLC analysis refer to Chapter 3 Section 3.5 and 3.7.
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4.3.5 Data and Statistical Analysis
Data and statistical analysis comply with the recommendations on experimental design and
analysis in pharmacology (Curtis et al., 2015). A total of 28 donors and 25 patients were
included in this study. Statistical comparisons for the effect of Trequinsin vs control conditions
used paired t-tests, unpaired t-tests or 2-way ANOVA and Sidak’s multiple comparison
analysis as appropriate using the statistical package GraphPad Prism 7 (La Jolla, CA, USA)
(GraphPad Prism, RRID: SCR_002798) unless stated otherwise. P < 0.05 as represented by *,

< 0.01 represented by ** and < 0.001 represented by *** is considered significant. [Ca2+]i and
pHi studies were recorded as the percentage change in fluorescence from baseline conditions.
For the analysis of individual patient sperm motility results, statistical significance was
recorded when the ± SD did not overlap for control and treatment conditions (Tardif et al.,
2014). HPLC data was extracted using Breeze 2 software and analysed using Microsoft Excel.
Results are expressed as picomoles per million sperm.

Results
4.4.1 Phase 1: Drug library screen
Dundee University Drug Discovery Unit chemogenomic library compounds were screened for
their ability to evoke an increase in [Ca2+]i in capacitated sperm relative to a saturating dose
of P4 (3.6 µM) using a fluorometric HTS assay and Flexstation 3 microplate reader. When
tested at a single concentration of 40 μM, we identified 27 putative hits eliciting >23 % effect
(12.1 % hit rate), 23 putative hits with > 50 % effect (10.3 % hit rate) and 4 putative hits with
> 90 % effect (1.8 % hit rate; Table 4.1). Trequinsin hydrochloride was notable amongst the
compounds eliciting greatest [Ca2+]i response, as it is a PDE-I and we have previously shown
that similar compounds provide clinically relevant enhancement of sperm motility (Tardif et
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al., 2014). Trequinsin caused a concentration-dependent increase in [Ca2+]i (EC50 = 6.4 µM (95
% Cl: 4.1 µM to 9.9 µM; Supplementary Fig 8.2). The functional and molecular profile of
Trequinsin was studied in further detail and is presented in this report. The other 3
compounds eliciting > 90 % increase in [Ca2+]i did not promote motility (as assessed by CASA,
data not shown) and were therefore not studied further.
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Table

4.1:

Summary

of

[Ca 2 + ] i

elevating

Compounds

Identified

in

Screen

of the

Chemogenomics library. 27 US Food and Drug Administration approved active compounds were
identified from the DDU Chemogenomics library screen following Flexstation assay testing and
categorised based on thei r ability to increase [Ca 2 + ] i (low to high percentage increase relative
to 10 µM P4 (positive control). Trequinsin Hydrochloride was selected for th is study as it was
highly efficacious and a phosphodiesterase inhibitor (The compound library screen of all 223
commercially available small molecules and drugs [Ca 2 + ] i is shown in Supplementary Fig 8. 7).
Of note, Trequinsin was identified in this screen b y Dr S.M Da Silva and the DDU.
Percentage increase in
Compound name

Primary Action (Tocris)

fluorescence in sperm

Zaprinast

PDE5/6/9/11 inhibitor

23

SB 218078

Inhibitor of checkpoint kinase 1 (Chk1)

25

RO-3

Selective P2X3 and P2X2/3 antagonist

26

GP 1a

Highly selective CB2 agonist

32

NNC 55-0396 dihydrochloride

Highly selective Ca2+ channel blocker (T-type)

32

EHT 1864

Potent inhibitor of Rac family GTPases

32

SD 208

Potent ATP-competitive TGFRI inhibitor

34

Inhibitor of hedgehog (Hh) signalling; antagonises smoothened
SANT-2

activity

36

Repaglinide

KATP channel blocker

38

EO 1428

Selective inhibitor of p38α and p38 α2

39

BI 78D3

Selective, competitive JNK inhibitor

45

IKK 16

Selective inhibitor of IKK

47

BRL 50481

Selective PDE7 inhibitor

49

Calcipotriol

Vitamin D3 analog

51

SH2 domain-containing inositol 5'-phosphatase 2 (SHIP2)
AS 1949490

inhibitor

54

88

U 89843A

Positive allosteric modulator of GABAA receptors

57

Inhibitor of hedgehog (Hh) signalling; antagonises smoothened
SANT-1

activity

57

Ciglitazone

Selective PPAR agonist

64

UK 78282 hydrochloride

Blocker of KV1.3 and KV1.4 channels

66

GW 9508

Potent and selective FFA1 (GPR40) agonist

67

FPL 64176

Potent activator of Ca2+ channels (L-type)

75

NVP 231

Potent, selective and reversible CerK inhibitor

77

Y 29794 oxalate

Prolyl endopeptidase inhibitor

88

Trequinsin hydrochloride

Ultrapotent inhibitor of PDE3

91

Lylamine hydrochloride

CB1 agonist

108

PHA 665752

Potent and selective MET inhibitor

111

JX 401

Potent, reversible p38α inhibitor

115
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4.4.2 Phase 2: Functional Effects of Trequinsin
4.4.2.1 Donor Sperm Assessment

It is well accepted that activation of CatSper and elevation of cyclic nucleotides are
fundamental for sperm motility and function (Ahmad et al., 2015; Alasmari et al., 2013a;
Lefièvre et al., 2002). Motility and kinematic parameters of capacitated spermatozoa from
healthy volunteer donors (80 % DGC fraction) after 20 min exposure to Trequinsin were
studied using CASA. Trequinsin (0.1 – 100 µM) had no significant effect on TM or PM
(supplementary Fig 8.3). However, a bell-shaped dose-response curve was obtained for HA
(supplementary Fig 8.3). As ≥ 30 µM had no effect on HA, 10 µM Trequinsin was used in
subsequent experiments. Capacitated sperm from the 80 % DGC fraction exposed to 10 µM
Trequinsin showed no change in TM or PM (Supplementary Fig 8.4 A and B) over a 2 hr period.
However, the percentage of HA sperm was significantly increased (Fig 4.2). We also assessed
the ability of Trequinsin to stimulate penetration into viscous medium (Kremer test) as a
measure of functional motility in the same spermatozoa population (80 %, Capacitated).
Trequinsin, P4 and IBMX all significantly and similarly increased sperm penetration into
viscous medium at 1cm. However, Trequinsin and P4 were significantly better than IBMX at
stimulating penetration at 2 cm (Fig 4.3). Trequinsin did not induce premature acrosome
reaction in capacitated sperm (Supplementary Fig 8.5 A). In contrast, Trequinsin had no effect
on the motility parameters of sperm from the 80 % fraction in non-capacitating conditions
(Supplementary Fig 8.6 A-C).
Sperm with poor motility isolated from 40 % fraction after DGC preparation of ejaculates from
healthy volunteer sperm donors were initially used as a surrogate for patient sperm, as
previously described (Tardif et al., 2014). In contrast to donor 80 % fraction sperm incubated
in capacitating conditions, 40 % fraction capacitated sperm showed a Trequinsin-induced
90

significant increase in PM 40 min after initial exposure, which was maintained for the duration
of the assay period (Fig 4.4 A). Although there was no effect on TM (Supplementary Fig 8.7
A), hyperactivation was also significantly increased, similar to donor 80 % fraction sperm (Fig
4.4 B). Under non-capacitating conditions, Trequinsin significantly improved PM of 40 %
fraction sperm for the entire experimental period (Fig 4.4 C) but had no effect on TM or
hyperactivation (Supplementary Fig 8.7 B and C). The significant changes in motility seen in
sperm from the 40 % DGC fraction in capacitating conditions provided proof of concept that
Trequinsin may similarly boost sperm motility in poorly motile sperm from patients. To
investigate this further, we assessed patient sperm motility over a 2 hr period in response to
treatment with Trequinsin exposed to capacitating conditions (Table 4.2).
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Figure 4.2: Effect of Trequinsin on Cap acitated Donor Sperm Hyperactivation. Trequinsin
significantly increased HA in all donor sperm from the 80 % DGC fraction and exposed to capacitating conditions
(2-way ANOVA Sidak’s multiple comparison analysis). The increased hyperactivated state was sustained for a 2
hr period after initial time zero exposure. A minimum of 200 sperm were counted at each time point. To be
classified as hyperactivated an individual sperm had to meet CASA parameters cut-offs of > 150 µM/s for VCL,

91

LIN < 50 % and ALH > 7 µM. In the same sample set % TM and % PM were unaffected by the addition of
Trequinsin (Supplementary Fig 8.4).
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Figure 4.3: Sperm Penetration Assay . The ability of Trequinsin to stimulate sperm penetration into viscous
medium was assessed using capacitated sperm from the 80 % DGC fraction (n = 5). A significant increase in sperm
penetration was observed in the presence of Trequinsin in comparison to control but not in comparison to sperm
stimulated with P4. Sperm penetration at 1 cm was not significantly different between Trequinsin, or IBMX
treated sperm. However, Trequinsin stimulated a significantly greater sperm number to penetrate at 2 cm
compared to IBMX. Statistical significance shown on the graph is relative to control.
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Figure 4.4: Effect of Trequinsin on 40 % DGC Fraction (poor motility) Donor Sperm Motility .
Trequinsin significantly increased the percentage of progressively motile sperm in capacitating (A, n = 5) and %
hyperactivated sperm (B, n = 6) was increased. Progressive motility in those sperm exposed to non-capacitating
conditions was significantly increased (C, n = 8). Corresponding motility data can be found in Supplementary Fig
8.7.
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4.4.2.2 Patient Sperm Assessment

A total of 25 patients attending the ACU for routine andrology assessment, IVF, ICSI and sperm
study (SS) patients (Table 4.2) consented their sample for research. Trequinsin increased the
percentage of hyperactivated sperm in the majority (88 %) of capacitated patient sperm
samples (22/25). Total motility and progressive motility were unaffected by treatment with
Trequinsin in the majority of samples (18/25 for TM and 18/25 samples for PM). Of note,
Trequinsin did not alter motility parameters in two samples (R2946 and R2947) and negatively
affected all motility parameters in only one sample (R2117).
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Table 4.2: Effect of Trequinsin on Patient Sperm Motility. Summary of motility changes in
patient samples (IVF, ICSI and Andrology) treated with 10 µM Trequinsin. The motility of 25
patient samples was assessed using CASA over a 2 h r period at regular intervals, and an average
for each parameter was taken overall. A minimum of 200 sperm were counted at each time
point. ↑, significant increase; —, no change; ↓, significant decrease. Significant means SD
(control vs treatment at each time point) do not or do overlap for increase and decrease,
respectively (TM: total motility, PM: progressive motility and HA: Hyperactivated motility).
Patient samples are categorised bas ed on semen WHO parameters. ✓

Represents a WHO

guideline criterion met, × represents a criterion not meeting WHO guidelines.

Patient
ID

R2117
R2926
R2929
R2937
R2939
R2945
R2946
R2947
R2949
R2951
R2952
R2919
R2927
R2792
R2931
R2935
R2943
R2950
R2953
R2971
R2974
R2976
R2340

Initial WHO Semen Criteria
Effect of Trequinsin on patient sperm
assessment
motility
Conc.
PM (%) Classification TM (%)
PM (%)
HA (%)
(M/mL)
✓
✓
Normal
↓
↓
↓
✓
✓
—
—
Normal
↑
✓
✓
—
—
Normal
↑
✓
✓
—
Normal
↓
↑
✓
✓
—
—
Normal
↑
✓
✓
—
Normal
↓
↑
✓
✓
—
—
—
Normal
✓
✓
—
—
—
Normal
✓
✓
Normal
↑
↑
↑
✓
✓
—
—
Normal
↑
✓
✓
—
—
Normal
↑
✓
✓
—
—
Normal
↑
✓
—
×
Borderline
↑
↑
✓
—
—
×
Borderline
↑
✓
—
×
Borderline
↓
↑
✓
×
Borderline
—
—
↑
✓
—
—
×
Borderline
↑
✓
×
Borderline
↑
↑
↑
✓
—
—
×
Borderline
↑
✓
—
—
×
Borderline
↑
✓
—
—
×
Borderline
↑
×
×
Low
↑
↑
↑
—
—
×
×
Low
↑
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R2730
R2938

×
×

×
×

Low
Low

↑
—

↑
—

↑
↑

4.4.3 Phase 3: Molecular Actions of Trequinsin
Elevated hyperactivation was the most consistent effect induced by Trequinsin. Therefore,
we subsequently explored the molecular actions of sperm incubated in capacitating
conditions. We first analysed the Trequinsin-induced [Ca2+]i increase from capacitated donor
sperm populations (80 % DGC) normalised to a saturating concentration of P4 (3.6 µM) (to
control for unwanted sources of variation). Trequinsin induced a concentration-dependent
increase in [Ca2+]i (Trequinsin-induced peak EC50 = 3.43 µM, 95 % Cl: 2.19 µM to 5.82 µM) (Fig
4.5 A and B), with an agonist profile analogous to P4. Interestingly, although the potency of
P4 is reported to be higher (P4 peak = EC50 33 nM) (Strünker et al., 2011), the efficacy of 10
µM Trequinsin was equivalent to P4 (Fig 4.5 C).
CatSper is a ligand-activated, pHi and voltage-sensitive channel. Therefore, to investigate the
mechanism by which Trequinsin causes an increase in [Ca 2+]i we utilised whole-cell patch
clamp electrophysiology to examine the drug’s ability to modulate ion channel function
directly and monitored changes in pHi using the ratiometric dye BCECF. Predictably,
Trequinsin significantly potentiated inward and outward CatSper currents, to a degree not
significantly different from P4 (Fig 4.6 A and B). However, Trequinsin also had inhibitory
activity on potassium channel function as 10 µM Trequinsin also significantly suppressed the
membrane slope conductance of outward current (Fig 4.6 E and F) causing a significant shift
in Erev (Control = -29.7 ± 6.6mV, + 10 µM Trequinsin = -17.4 ± 6.7mV, Fig 4.6 E). Trequinsin
had no direct effect on intracellular pH (Supplementary Fig 8.8). PGE1 and P4 activate CatSper
through mechanisms that exhibit limited cross-desensitisation (Brenker et al., 2018; Lishko,
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Botchkina and Kirichok, 2011; Miller et al., 2016; Schaefer et al., 1998; Shimizu et al., 1998;
Strünker et al., 2011). Therefore, we exploited this phenomenon to investigate the
mechanism of the Trequinsin induced increase in [Ca 2+]i. Pre-treatment with P4 caused
desensitisation of the response to 17-OH-P4 but not PGE1 or Trequinsin (Fig 4.7). Fittingly,
pre-treatment with PGE1 caused desensitisation of the Trequinsin, but not P4 response (Fig
4.7). Trequinsin is a potent PDE3-Inhibitor (Tinsley et al., 2009). PDE enzymes control the
hydrolysis of cyclic nucleotides, specifically cAMP and cGMP, both of which are substrates for
PDE3 (Lefièvre et al., 2002). In contrast to the non-specific PDE-inhibitor IBMX, Trequinsin did
not significantly induce elevation of cAMP (Fig 4.8 A). However, it induced a significant ~4 fold
increase of cGMP in capacitated sperm (Fig 4.8 B).
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Figure 4.5: Effect of Trequinsin on [Ca 2 + ]i in Capacitated Donor Sperm. (A) Mean dose response
traces for Trequinsin (0.1 – 30 µM). (B) Dose-response curve for Trequinsin induced peak of [Ca2+]i relative to P4
(3.6 µM) (EC50 = 3.43 µM, 95 % Cl: 2.19 µM to 5.82 µM (n =5) in 80 % DGC fraction capacitated donor sperm.
(C) Mean data set (n = 5) trace of 10 µM Trequinsin and 3.6 µM P4 [Ca2+]i recording ( represents the addition
of compounds, Ο highlights the peak and П represents the sustained (between 180 -200 secs) fluorescent
measured). Peak and sustained responses for P4 and Trequinsin are not significantly different.
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Figure 4.6: Patch Clamp Electrophysiology. (A, B) Inward CatSper-mediated Cs+ currents (n = 6) in
response to Trequinsin (10 µM) were not significantly different to P4 (C, D). (E) I-V relationship showing the shift
in Erev and Gm inhibitory effect caused by 10 µM Trequinsin (n = 6). (F) Dose-response curve for showing the
partial inhibitory effect of Trequinsin on Gm (n = 5). Patch-clamp solution configurations are shown in insets.
Donor sperm were from the 80 % DGC fraction incubated in capacitating conditions. Of note, this experiment
was conducted and data supplied by Dr S.G. Brown.
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Figure 4.7: Examination of agonist cross-desensitisation. Population average [Ca2+]i trace using
capacitated donor sperm from the 80 % DGC fraction (n = 5) showing initial agonist addition of either a saturating
concentration of 10 µM P4 (A, C and E) or 10 µM PGE1 (B, D and F), followed by the 2nd agonist addition. A
baseline control shown in Blue was included in each experiment and a blank (sEEBS, represented as “B”) followed
by the addition of the second agonist green. Cross-Desensitisation experiments are shown in red. (G) Bar chart
showing sperm exposed to 10 µM P4 did not produce a significant Ca2+ response compared to that of PGE (10
µM) and Trequinsin (10 µM). PGE1 and Trequinsin were not significantly different. (H) Sperm pre-exposed to 10
µM PGE1 had significantly lower Ca2+ responses (< 2 %) compared to p4 exposure. PGE2 and Trequinsin were
not significantly different.
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Figure 4.8: Measurement of Cyclic Nucleotides levels i n capacitated 80 % DGC fraction donor
sperm using RP-HPLC. (A) Trequinsin did not alter intracellular cAMP in comparison to control (Sperm + 1
% DMSO) (n = 11). (B) Trequinsin significantly increased intracellular cGMP (n = 11). IBMX, a non-specific PDE-I
was used as a positive control. IBMX significantly increased both cAMP and cGMP (n = 11).
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4.4.3.1 Patient Intracellular Calcium Profile in Response to Trequinsin

Given that poor motility and impaired fertilisation potential are associated with impaired
CatSper function (Kelly et al., 2018), it is important to determine, where feasible, the
functionality of CatSper in patient sperm. Sufficient spermatozoa were available in 9/25
patient samples to examine the ability of Trequinsin to increase [Ca 2+]i. 10 µM Trequinsin
increased [Ca2+]i as efficaciously as P4 (Supplementary Fig 8.9), indicating no fundamental
abnormality in calcium signalling in these samples. Interestingly, Trequinsin did not alter
motility parameters of sperm from patient R2947 despite a robust increase (> 50 % ∆F in
[Ca2+]i) (Supplementary Fig 8.11).

Discussion
Male infertility is a significant health challenge that is estimated to affect one in ten men
(Datta et al., 2016). In up to 40 % of these cases, the cause may be due to reduced sperm
motility (asthenozoospermia) (van der Steeg et al., 2011). However, as there are currently no
licensed pharmaceuticals to treat infertile men, ICSI remains the only viable treatment option
to ensure oocyte-spermatozoon interaction. A fundamental reason for the shortfall in
progression in the field of male fertility therapeutics has been the lack of knowledge regarding
a suitable molecular target in sperm, thereby limiting the opportunity for implementing drug
discovery strategies (Barratt, De Jonge and Sharpe, 2018; Hughes et al., 2011). However, a
wealth of studies now demonstrate that CatSper is a key determinant of sperm motility and
fertilisation competence (Alasmari et al., 2013a; Brown et al., 2018; Kelly et al., 2018; Ren et
al., 2001; Smith et al., 2013; Strünker et al., 2011; Williams et al., 2015) and therefore
represents a plausible target for the development of novel therapeutics for male infertility.
We have previously described a high-throughput drug screening methodology in conjunction
with relevant in vitro tests to identify compounds that increase functional sperm motility
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(Martins da Silva et al., 2017). While this study validated our drug discovery strategy, there
continues to be a significant unmet clinical need to identify efficacious compounds that
influence different forms of sperm motility and function. In this study, we utilised an HTS
strategy to screen an in-house drug discovery library and identified Trequinsin hydrochloride,
a putative selective PDE3 inhibitor, which significantly increased [Ca2+]i.
CatSper is the primary calcium-conducting plasma membrane ion channel in sperm that is
activated by intracellular alkalinisation, membrane depolarisation and physiological ligands
such as P4 and PGE1 (Singh & Rajender, 2015; Strünker et al., 2011; Tamburrino et al., 2014).
It can also be manipulated by compounds, including endocrine-disrupting chemicals, that may
compromise sperm function (Schiffer et al., 2014; Tavares et al., 2013). Detailed analysis of
the Trequinsin-induced [Ca2+]i increase in sperm populations showed that the kinetics of the
response mirrored that of P4. However, while whole-cell patch-clamp electrophysiology
confirmed the ability of Trequinsin to potentiate CatSper currents to a degree not significantly
different from P4, it was also able to suppress outward Gm. P4 is proposed to activate CatSper
indirectly through stimulation of a plasma membrane lipid hydrolase ABHD2 which
metabolises endogenous inhibitory endocannabinoids to cause channel opening. In contrast,
PGE1 activates the channel directly (Miller et al., 2016). We exploited observations that these
mechanisms exhibit limited cross-desensitisation (Brenker et al., 2018; Lishko, Botchkina and
Kirichok, 2011; Miller et al., 2016; Schaefer et al., 1998; Shimizu et al., 1998; Strünker et al.,
2011) to show that the Trequinsin cross-desensitisation profile is indistinguishable from that
of PGE1. As Trequinsin did not alter pHi, we conclude that Trequinsin increases [Ca2+]i by a
combination of direct activation of CatSper as well as by membrane potential depolarisation
through a partial blocking effect on the sperm potassium channel. However, we cannot rule
out additional direct actions on pathways that regulate intracellular stores (Correia,
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Michelangeli and Publicover, 2015) or extracellular calcium entry (De Blas et al., 2009; De Toni
et al., 2016; Kumar et al., 2016).
Trequinsin is a potent (subnanomolar IC 50) inhibitor of recombinant PDE3 (Tinsley et al.,
2009). As cyclic nucleotides are essential second messengers for sperm motility (Balbach et
al., 2018; Jansen et al., 2015; Mukherjee et al., 2016) we utilised HPLC to measure cAMP and
cGMP changes in sperm exposed to Trequinsin and demonstrated that only cGMP was
significantly increased. Given that PDE3 enzymes metabolise cAMP and cGMP (Ahmad et al.,
2012), this result is surprising because pharmacological and immunological evidence supports
the presence of PDE3 in human sperm, localised to the postacrosomal region of the head
(Lefièvre et al., 2002). In contrast, PDE3 isoforms were not among the seven
phosphodiesterase enzymes identified in two studies analysing the human sperm proteome
(Wang et al., 2013, 2016). Therefore, our data may reflect the inhibitory activity of cGMPphosphodiesterase PDE6D. The notion of non-selective PDE-inhibitory activity of Trequinsin
is supported by the relatively high concentration that is required to increase HA. In fact, 10
µM Trequinsin is above the IC50 at the cAMP-specific PDE2A and 4 and cGMP-specific PDE5A
(Souness & Rao, 1997; Tinsley et al., 2009; Wunder et al., 2009). However, proteomic data
does not support their expression in human sperm (Wang et al., 2013, 2016). It is notable
that micromolar concentrations of PDE-I are generally required to induce improvements in
human sperm motility (Lefièvre et al., 2002; Maréchal et al., 2017; Tardif et al., 2014) but the
reason for this is unknown.
Given that nitric oxide donor compounds can modify sperm kinematic parameters, including
VCL and VSL, it is entirely plausible that an effect of Trequinsin on cGMP levels may contribute
to the changes seen in VCL and VSL (Supplementary Fig 8.12) (Miraglia et al., 2011). In further
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support for this mode of action, Trequinsin boosted the percentage of sperm exhibiting
hyperactivated motility and penetration into viscous medium under capacitating conditions
in all donor samples. Reassuringly, premature acrosome reaction was not induced in these
samples; implying sperm-zona pellucida binding would not be hindered.
As expected, the increase in hyperactivation was dependent upon sperm capacitation status.
Hyperactivation was unaltered in sperm maintained in non-capacitating conditions, despite
Trequinsin giving a robust [Ca2+]i increase in these samples (Supplementary Fig 8.10).
Although Trequinsin was highly effective at increasing hyperactivation in patient sperm
samples incubated in capacitating conditions (22/25), two were unresponsive, and all motility
parameters were reduced in one. The reason for this profile is unknown, but we could
demonstrate that one unresponsive case (R2947) was not due to defective [Ca 2+]i signalling
(Supplementary Fig 8.12). Biological variability is certainly seen within human sperm
populations. Indeed, not all patients respond to drugs, and this finding may not be uncommon
( Moohan, Winston and Lindsay, 1993; Alvarez et al., 2003).
Consequently, the same level of exposure to a drug, for example, Trequinsin, may result in
different levels of biologic effects in individual patients. This is the key concept encompassed
by the term ‘individualised medicine’. Determining the reasons for the biological variability
seen in this and other studies (Martins da Silva et al., 2017) is an important consideration for
future drug development and is dependent upon robust screening strategies and phenotypic
assays to identify and treat specific molecular and functional impairment. Additionally, the
development of multi-target compounds could be advantageous. For example, it would be
interesting to determine if Trequinsin could restore the fertilising potential of sperm affected
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by CatSper and sperm potassium channel dysfunction (Brown et al., 2016; Kelly et al., 2018;
Williams et al., 2015).

Conclusion
In summary, we have shown that Trequinsin hydrochloride is an efficacious CatSper agonist,
that suppresses sperm potassium channel activity, elevates cGMP (but not cAMP) and induces
similar kinetics of [Ca2+]i increase as progesterone through a mechanism that crossdesensitises with PGE1. This novel pharmacological profile results in a phenotype of increased
hyperactivation and penetration into viscous medium, which is relevant to sperm function
required for natural conception. We conclude that the pharmacological profile of Trequinsin
in human sperm is unique in terms of the effect on multiple key intracellular mediators that
influence sperm function (Esposito et al., 2004; Hess et al., 2005; Martins da Silva et al., 2017;
Tardif et al., 2014; Williams et al., 2015) and holds promise as a novel agent to treat male
infertility.
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Chapter 5
Characterisation and mechanism of action of
phosphodiesterase inhibitory compounds that promote
human sperm motility
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Introduction
Trequinsin Hydrochloride, documented as a potent PDE 3 inhibitor, demonstrated nonspecific enhancements in sperm motility (Chapter 4) and given CatSper’s promiscuity,
pharmacological assessments of PDE-I known to promote sperm motility are worthwhile.
Tardif et al., (2014) identified 6 PDE inhibitory compounds that improved human TM > 60 %
in poor motility samples (40 % fraction). Under exposure to both capacitating and noncapacitating conditions, these compounds significantly increased TM and PM, and improved
sperm penetration into viscous medium without introducing premature AR or sperm death.
These compounds were identified as potential clinical candidates for ART options for patients
suffering from asthenozoospermia or oligoasthenozoospermia (Tardif et al., 2014). However,
the functional profile of the compounds was incomplete and the characterisation of the
mechanism of action was unknown.
The present study aimed to determine the functional effect of these compounds in
spermatozoa exposed to capacitating conditions as well as their effect on sperm
hyperactivation, a fundamentally required enhancement of sperm motility for oocyte
penetration. Furthermore, following the mechanistic screening applied to Trequinsin
Hydrochloride (Section 2.4), we hypothesised that systematic screening can be applied to
characterise at a molecular level the effects, if any, on crucial mechanistic functions such as
cyclic nucleotide activity, calcium signalling, ion-channel function and intracellular pH.
Similarly, we hypothesise that detailed characterisation of the mechanism of action of the
PDE-Is to promote sperm motility is achieved through intricate and differing targets of
pharmacological activity in human spermatozoa.
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Experimental Design
The study aimed to investigate hit compounds from an HTS conducted by Tardif et al., (2014)
and to determine the mechanistic actions of 6 PDE-Is shown to have a significant
improvement on sperm motility. This was achieved in two phases. Phase 1 employed CASA to
assess the functional effect of the PDE-Is on capacitated sperm motility (80 % DGC fraction)
to predict the ability of the compounds to increase sperm function in the IVF patient group.
Phase 2 involved a detailed molecular analysis of 6 PDE-Is. A schematic outlining the
experimental approach is shown in Fig 5.2.

Methods
For a full list of methods, please refer to Chapter 2.
5.3.1 HPLC Sample Preparation
After 3 hr incubation in CM, ~ 1x 107 /mL spermatozoa were treated with 1 % DMSO or Ethanol
(vehicle control), 100 µM of PDE-I or 500 µM IBMX (positive control) and incubated for a
further 20 min. The samples were prepared, as described in Chapter 3 Section 3.5 and 3.7.
5.3.2 Data and Statistical Analysis
Data and statistical analysis comply with the recommendations on experimental design and
analysis in pharmacology (Curtis et al., 2015). A total of 32 donors and 109 patients were
included in this study. Statistical comparisons for the effect of PDE-I vs control conditions used
paired t-tests, unpaired t-tests and One-Way ANOVA analysis as appropriate using the
statistical package GraphPad Prism 7 and 8 (La Jolla, CA, USA) (GraphPad Prism, RRID:
SCR_002798) unless stated otherwise. P < 0.05 as represented by *, < 0.01 represented by **
and < 0.001 represented by *** is considered significant. [Ca2+]i and pHi studies were recorded
as the percentage change in fluorescence from baseline conditions (% ∆F).
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Results
5.4.1 Phase 1: Functional Effects of Compounds
5.4.1.1 Donor Sperm Assessment

PM and TM have been demonstrated to be improved in poor motility samples by PDE-I
treatment (Donor 40 % fraction and patient spermatozoa) (Tardif et al., 2014). Motility and
kinematic parameters of capacitated spermatozoa from healthy volunteer donors (80 %
fraction) after 20 min exposure to the compounds was studied using the CASA at a previously
defined concentration of 100 µM (Tardif et al., 2014). TM was unaffected by the compounds
assessed (Fig 5.1 A); however, PM was significantly decreased after exposure to 1 compound,
Ibudilast (Fig 5.1 B). The % of HA sperm was significantly increased by 3/6 compounds,
Etazolate, Dipyridamole and MMPX, increasing from an average of 3 % to 11, 12 and 8 %
respectively (Fig 5.1 C). Interestingly, Ibudilast reduced all sperm kinetic parameters in the
population group. Tardif et al. (2014), demonstrated that these PDE-I significantly increased
TM under capacitating conditions, and PM in both non-capacitating and capacitating
conditions, of poor sperm (40 % DGC fraction). Coupled with the results from Tardif et al.,
(2014), these findings indicate that these PDE-Is are more efficacious at inducing TM and PM
in the poor sperm population than in the healthy sperm population.
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Figure 5.1: Effect of PDE -I compounds on Donor 80 % Fraction (Capacitated) Sperm Motility.
In sperm exposed to capacitating conditions (n = 3), all PDE-I compounds tested did not significantly alter (A)
TM. (B) PM was significantly decreased after exposure to ibudilast (p = 0.02) only and was significantly different
to control (p = 0.007). (C) % HA was significantly increased after exposure to 3/6 compounds, Etazolate (p =
0.003), Dipyridamole (p = 0.001) and MMPX (p = 0.04). Statistical significance was tested using one-way ANOVA
Dunnett’s multiple comparisons test in comparison to control conditions (1 % vehicle), only significant increase
is shown.
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5.4.2 Phase 2: Molecular Actions of 6 lead phosphodiesterase inhibitors
The cellular changes that lead to an increase in sperm motility by PDE-I exposure are far from
clear. As the compounds of interest are PDE-Is, and they improve poor sperm motility in both
donors and patient groups, we explored the molecular actions these compounds have on
sperm under capacitating conditions, as seen previously in Chapter 4 (Fig 5.2).

Phase 2

Cyclic Nucleotide

Intracellular Calcium

cAMP and/or cGMP

Intracellular pHi

CatSper Cross
Desensitisation

Electrophysiology
CatSper/ IKsper

Figure 5.2: Experimental Plan: Systematic mechanistic screening strategy for the identification of the
molecular effects of the PDE-I compounds.

5.4.2.1 Donor cyclic nucleotide response to PDE-I

As the PDE family purposed mechanism of action is through blocking cyclic nucleotide
hydrolysis, the 6 compounds were initially screened for their cyclic nucleotide effect on cAMP
and cGMP by HPLC (The reported PDE targets for each compound can be found in
Supplementary Table 8.8). The study was conducted alongside a positive control, IBMX, a nonselective PDE-I that increases intracellular cAMP and cGMP. The donor population was initially
screened and of the 6 compounds tested, all except MMPX significantly increased cAMP (Fig
5.3 A) in comparison to control (sperm + 1 % vehicle), whereas MMPX and Dipyridamole
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increased cGMP (Figure 5.3 B). IBMX significantly increased cAMP and cGMP on average, ~
52-fold and ~ 7 fold respectively.
In comparison to control conditions, Etazolate increased cAMP ~3 fold and had no significant
effect on cGMP levels, however, its inhibition of cAMP hydrolysis was not equivalent to IBMX,
producing a significantly lower cAMP response (p = 0.006). On exposure to Ibudalist, cAMP
was significantly increased ~ 28-fold compared to control levels and showed no significant
change in cGMP, despite the reduced motility effect. In comparison to IBMX, Ibudalist did not
induce a significant increase in intracellular cAMP. Of all the PDE-Is in question, Dipyridamole
was the only PDE-I that significantly increased cAMP and cGMP ~15 and ~ 9-fold respectively,
to levels not significantly different from IBMX. In contrast, no significant difference in cAMP
levels was observed after MMPX exposure; however, cGMP was significantly increased ~ 26fold from control levels and was not significantly different from IBMX. cAMP was significantly
increased (~ 4-fold) by Tofisopam exposure, and no significant effect on cGMP was detected.
While Tofisopam increased cAMP; the efficacy was significantly lower than seen with IBMX (p
= 0.0048). Lastly, Papaverine presented PDE hydrolysis of cAMP ~ 5-fold from basal levels;
however, like Tofisopam, was significantly lower than IBMX (p = 0.034).
5.4.2.2 Patient cyclic nucleotide levels in response to PDE-I

Following donor cyclic nucleotide response to the PDE-I compounds, the patient population
was subsequently screened to establish if the PDE-I effects follow the same trend. Due to the
sperm numbers required for analysis (~10 x106 sperm per condition) the ICSI population were
not assessed; the samples were from the Andrology and IVF cohort only under capacitating
conditions. The positive control IBMX significantly increased cAMP ~ 16-fold and cGMP ~ 3fold and was significantly different from control (p = 0.006 and 0.03 respectively). Similar to
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the observed effects in the donor sperm population, (Fig 5.4 A & B) 4/6 compounds
significantly increased cAMP only, Etazolate (~ 2-fold, p = 0.007), Ibudilast (~ 29-fold, p =
0.034), Tofisopam (~ 3-fold, p = 0.016) and Papaverine (~ 12-fold, p = 0.003) and had no effect
on cGMP in comparison control conditions. Dipyridamole, as observed with the donor results,
significantly increased cAMP (~ 20-fold) and cGMP (~ 15-fold) from control (p = 0.001 and
0.003 respectively). MMPX consistently increased cGMP levels in the patient population (~
36-fold) and did not affect cAMP response.
In comparison to IBMX, compounds Ibudilast, Tofisopam, Dipyridamole and Papaverine
increased cAMP to as a significant extent as IBMX. Etazolate effect on cAMP was significantly
lower (p = 0.04) than IBMX. Additionally, compounds Dipyridamole and MMPX showed no
significant difference to IBMX (Fig 5.4 B). The compounds’ effects on cyclic nucleotide levels
between the donor (Fig 5.3 A & B) and patient (Fig 5.4 A & B) sperm groups were not
significantly different.
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Figure 5.3: Measurement of donor cyclic nucleotide levels u sing RP-HPLC. Each compound was tested
on a minimum of 3 donors and results were normalised to control. Of the 6 compounds tested 5/6 increased (A) cAMP
and 2/6 significantly increased (B) cGMP in comparison to control conditions (sperm + 1 % vehicle). 1/6 PDE-I,
Dipyridamole significantly increased both cAMP and cGMP levels. IBMX, a non-specific PDEi, was used as a positive
control and significantly increased cAMP and cGMP. In relation to IBMX, Dipyridamole and Ibudilast increased cAMP
with the same efficacy. MMPX increased cGMP with the same efficacy as IBMX. The analysis was carried out using a
non-paired t-test and Shaprio-Wilk testing concluded that the difference between control and test compounds passed
normality.
B

A

P a t ie n t c A M P

P a t ie n t c G M P

80

80

F o ld In c r e a s e

*

60

**

40

**

**
20

60

40

**
20

***

*

**
0

IB

l)

e

o

n

tr
n

C
e
v
+

(
X
M

M
IB

116

o

v
p
a

P

o

fi

a

s

M

o

e

p

ri

a

P
M

a
il
d
u

Ib

m

X

t
T

y

s

le
o

d

a

m

la

X

(

D

+

v

ip

e

E

ri

C

ta

o

zo

n

tr

tr

o

o

te

l

l)

e
n
n
o
C

p
a
P

o

fi

a

s

v

o

e

p

ri

a

P
M
M
T

d
u
Ib

m

X

t
s

le

il

a

o

D

ip

y

E

ri

ta

d

a

m

la
zo

n

tr

o

te

l

0

o
C

F o ld In c r e a s e

**

Figure 5.4: Measurement of patient cyclic nucleotide levels using RP-HPLC. Each compound was
tested on a minimum of 3 patients and results were normalised to control. Of the 6 compounds tested 5/6
increased (A) cAMP and 2/6 significantly increased (B) cGMP in comparison to control conditions (sperm + 1 %
vehicle). 1/6 PDE-I, Dipyridamole significantly increased both cAMP and cGMP levels. IBMX, a non-specific PDEi,
was used as a positive control and significantly increased cAMP and cGMP. Concerning IBMX, Dipyridamole,
Tofisopam, papaverine and Ibudilast increased cAMP with the same efficacy (A). MMPX increased cGMP with
the same efficacy as IBMX (B). The analysis was carried out using a non-paired t-test, and Shapiro-Wilk testing
concluded that the difference between control and test compounds passed normality.

5.4.2.3 Intracellular calcium response to PDE-I in the donor population

As intracellular calcium influx is a regulator of sperm motility (Ren et al., 2001; Pereira et al.,
2015), the PDE-I compounds were assessed in comparison to 3.6 µM P4. Dipyridamole was
not assessed as the yellow nature of the compound interferes with the fluorescence emitted
by the FLUO-4-AM probe used to bind and detect free intracellular calcium within sperm.
While these PDE-I significantly increase sperm motility (Tardif et al., 2014), their respective
fluorometric traces are visibly different (Fig 5.5). In regards to the PDE-I peak % ΔF 4/5
compounds tested increased [Ca2+]i: Ibudilast increased [Ca2+]i by an average of 51.57 % (SD
= 19.57 %, SEM = 7.40 %) (Fig 5.6 A), Etazolate increased [Ca2+]i an average of 47.33 % (SD =
15.15 %, SEM = 6.18) (Fig 5.6 B), Tofisopam increased [Ca2+]i 29.4 % (SD = 6.22, SEM = 3.59)
(Fig 5.6 C) and lastly papaverine by 16.33 % (SD = 16.35 % SEM = 9.45 %) (Fig 5.6 D). However,
MMPX significantly decreased [Ca2+]i by an average of - 15.24 % from baseline (SD = 3.39 %,
SEM= 1.52 %), thus suggestive that MMPX acts by a partial inhibitory effect on [Ca2+]i (Fig 5.6
E). While 4/5 compounds increased [Ca2+]i, each compound’s calcium response was
significantly lower (% ΔF) than the physiological control agonist, P4 (Fig 5.6). Figure 5.7
highlights the variance in [Ca2+]i stimulation by the PDE-I within the donor sperm population.
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PDE-I [Ca2+]i traces
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Figure 5.5: Example of PDE -I [Ca 2 + ] i traces. Averaged Ca 2 + change from 5 donor sperm in response
to 5 PDE-Is (100 µM) and P4 (3.6 µM).
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Figure 5.6 A-E: Effect of PDE -I on [Ca 2 + ] i in comparison to P4. 5/6 PDE-I produced a calcium response
greater than baseline levels; however, the physiological agonist P4 produced an [Ca 2+]i response significantly
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greater than each PDE-I. MMPX significantly decreased [Ca2+]i lower than basal levels. Significance levels are
represented by * = p ≤ 0.05, ** = p ≤ 0.001, *** = p ≤ 0.0001 relative to P4. Shapiro-Wilk normality testing was
passed for each PDEi-I and P4 response.
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Figure 5.7: Donor Sperm intracellular calcium responses to PDE -I. N represents individual donors
used. Of the donors tested, 1 donor’s [Ca2+]i response was lower than 50 % in the presence of P4. This graph
highlights the variability of [Ca2+]i responses induced by the PDE-I. Corresponding patient data can be seen in Fig
5.8.

5.4.2.4 Patient Calcium response to PDE-I

Given that reduced motility and reduced fertilisation capability are associated factors of
impaired CatSper function (Kelly et al., 2018), IVF, ICSI and Andrology sperm samples were
tested for intracellular calcium response to the 5 compounds in question (Fig 5.8).
Surprisingly, there was no significant difference in intracellular calcium concentration
between the patient groups (Andrology, IVF and ICSI) in response to either P4, PGE1 or the
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compounds in question, and of patients tested, all successfully fertilised at IVF and ICSI
treatment. Based on this, the patient treatment groups were pooled together (Fig 5.8).
A total of 44 independent patient sperm were exposed to Ibudilast. In these samples the
mean [Ca2+]i concentration was increased by 8.2% (SD = 27.16, SEM = 4.10). Three patients
attending the ACU for Routine Andrology assessment, one of which (R3079) gave no change
in [Ca2+]i, whereas two patients (R3138 and R3285 respectively) showed a % decrease in [Ca2+]i
(~-8 and ~-19 %) in response to Ibudilast. Sperm from Patient R3079 responded to P4 (% ΔF
increase of 29.20 %) but did not respond to PGE1 (% increase of 0.38 %). This is an unusual
finding considering the proposed model of CatSper activation. The motility parameters for
R3079 sperm sample presented as a TM of 69 %, PM of 28 % and HA of 0 %. This patient did
not consent to be contacted and therefore, could not be recalled for further research. Patient
R3138’s sperm sample response to Ibudilast measured at ~ 38 %, compared to the ~ 75 %
induced by PGE1. Sperm motility parameters were 74 % TM, 36 % PM and 13 % HA.
The spermatozoa sample from patient R3285 showed calcium responses to both P4 and PGE1
of > 100 %, with sperm motility parameters as, 93 % TM, 76 % PM and 14 % HA. Additionally,
patient R3285 produced a negative response ~ -16 % and ~ - 11 % to Etazolate and Papaverine,
respectively. In regards to Etazolate, a total of 10 patient samples were tested, 9 of which
showed an increase in [Ca2+]i (mean response = 46.1 % SD = 26.54, SEM = 8.39). 11 patients
were screened for their [Ca2+]i response to Papaverine, in which 9/11 showed an increase in
[Ca2+]i. One patient, R3230 showed no change in calcium (% ΔF) on papaverine exposure,
however, responded to P4 (~ 134 %), PGE1 (145 %) and Ibudilast (~ 71 %).
The effect of MMPX was screened in 40 patient samples (mean [Ca2+]i response = -7.53 %, SD
= 13.25, SEM = 2.09) in which 31/40 (78 %) showed a decrease, 5/40 (13 %) showed no change
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and 4/40 (10 %) increased in [Ca2+]i. In regards to Tofisopam, of the 13 patients screened 100
% responded positively (mean [Ca2+]i = 43.71, SD = 22.93, SEM = 6.36).
In comparison to the PDE-I mean calcium response (% mean ΔF) in the donor population (Fig
5.9), these inhibitors responded just as efficaciously in the patient population. Patient P4 and
PGE1 [Ca2+]i were not significantly different.
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Figure 5.8: Patient Sperm calcium responses to PDE-I. N represents individual patients; corresponding
donor sperm data can be found in Figure 5.7.
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Figure 5.9: Patient Versus Donor Sperm calcium response to PDE-I exposure. Unpaired t-test
analysis identified no significant difference between donor mean peak calcium response and patient peak mean
calcium response (mean %ΔF) to 100 µM PDE-I exposure.
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5.4.2.5 PDE-I Cross Desensitisation with P4/PGE

As described in Chapter 2.4.4 and observed in Chapter 4.6.3, cross desensitisation studies
were performed to reveal if CatSper regulation is responsible for the motility increase
observed by the PDE-I compounds, and so we exploited this phenomenon to investigate the
mechanism of the 5 PDE-I (exclusive of Dipyridamole). In brief, sperm were first stimulated
with either a saturating concentration of 10 µM P4 or PGE1. Subsequently, each pre-exposed
well was stimulated with the corresponding agonist, 10 µM 17-OH-P4 or 10 µM PGE2 or the
PDE-I compounds. Control testing was initially conducted, and as expected, sequential
application of EC100 dose for CatSper activation (10 µM) of PGE1 and P4 did not lead to crossdesensitisation but resulted in two independent Ca 2+ transients unaffected by the order in
which agonists were applied (Fig 5.10 A-D). For ease, each compound is reported
independently.
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Figure 5.10 A-D: Examination of PDE-I cross-desensitisation. Population average [Ca2+]i trace using
capacitated donor sperm from the 80 % DGC fraction (n = 5) showing initial agonist addition of either a saturating
concentration of 10 μM P4 or 10 μM PGE1, followed by the 2nd agonist addition. The baseline control is shown
in blue and was included in each experiment and a blank (sEEBS, represented as “B”) followed by the addition
of the second agonist in green. Cross- Desensitisation experiments are shown in red. (A-D) Represent control
conditions. Sperm pre-exposed to (A) P4 produced a bi-phasic transient [Ca2+]i response, subsequent exposure
to PGE1 induces a second calcium spike, as expected. (B) Inversely sperm pre-exposed PGE1 and then P4 gave
[Ca2+]i. Controls (C & D) shown complete saturation of the CatSper calcium after secondary exposure of
equivalent mechanistic agonists, 17-OH-P4 for P4 and PGE2 for PGE1. As the controls performed effectively,
subsequent analysis of 5 PDE-I compounds are shown in (Fig 5.11 – 5.15).

Ibudilast
Pre-treatment with P4 caused desensitisation of the response to 17-OH-P4 but not PGE1 or
Ibudilast. Interestingly pre-treatment with PGE1 caused partial desensitisation of Ibudilast but
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not P4 response (Fig 5.11 A-D) therefore suggestive that the Ibudilast cross-desensitisation
profile is more similar to that of PGE1.
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Figure 5.11 A-D: Ibudilast examination of PDE -I cross-desensitisation. [Ca2+]i traces for sperm preexposed to (A) P4 and (B) PGE1 followed by Ibudilast addition. One-way ANOVA using Tukey’s multiple
comparisons test showed that (C) sperm exposed to 10 µM 17-OH-P4 did not produce significant Ca2+ response
compared to that of PGE1 and Ibudalist (p = 0.0001 for both agonists); however, (D) sperm pre-exposed to 10
µM PGE1 had significantly lower Ca2+ responses (< 10 %) compared to P4 exposure. PGE2 and Ibudilast were not
significantly different.
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Etazolate
Etazolate response was partial desensitisation after P4 or PGE1 exposure, demonstrating an
alternative mechanism of action for the observed calcium increase (Fig 5.12).
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Figure 5.12 A-D: Etazolate examination of PDE -I cross-desensitisation. [Ca2+]i traces for sperm preexposed to (A) P4 and (B) PGE1 followed by Etazolate addition. One-way ANOVA using Tukey’s multiple
comparisons test showed that (C) sperm exposed to 10 µM 17-OH-P4 did not produce significant Ca2+ response
compared to that of PGE1 and Etazolate (p = 0.0001 and p= 0.001 respectively). PGE1 and Etazolate were
significantly different (p = 0.0001). (D) Sperm pre-exposed to 10 µM PGE1 had significantly lower Ca2+ responses
(< 10 %) compared to P4 exposure. PGE2 and Etazolate were significantly different (p = 0.005). However,
Etazolate was significantly lower than P4 (p = <0.0001).
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Tofisopam & Papaverine
Pre-treatment with either P4 or PGE1 appeared to cause desensitisation of Tofiospam (Fig
5.13 A-D) and Papaverine (Fig 5.14 A- D) thus may demonstrate a cross-desensitisation profile
similar to both P4 and PGE1.
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Figure 5.13 A-D: Tofisopam examination of PDE -I cross-desensitisation. [Ca2+]i traces for sperm
pre-exposed to (A) P4 and (B) PGE1 followed by Etazolate addition, with corresponding data analysis (C & D).
One-way ANOVA using Tukey’s multiple comparisons tests showed that (C) Sperm exposed to 10 µM 17-OH-P4
did not produce significant Ca2+ response compared to that of PGE1 and Tofisopam (p = 0.0001 for both
agonists). (D) Sperm pre-exposed to 10 µM PGE1 had significantly lower Ca2+ responses (< 10 %) compared to
P4 exposure. PGE2 and Tofisopam were not significantly different. However, Tofisopam was significantly lower
than P4 (p = <0.0001).
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Figure 5.14 A-D: Papaverine examination of PDE -I cross-desensitisation. [Ca2+]i traces for sperm
pre-exposed to (A) P4 and (B) PGE1 followed by Papaverine addition, with corresponding data analysis (C & D).
One-way ANOVA using Tukey’s multiple comparisons tests showed that (C) sperm exposed to 10 µM 17-OH-P4
following P4 addition did not produce significant Ca2+ response compared to that of PGE1 (p = 0.0001). However,
Papaverine did not produce a significant change in [Ca2+]i after exposure to P4 in comparison to 17-OH-P4. (D)
Sperm pre-exposed to 10 µM PGE1 had significantly lower Ca2+ responses (< 10 %) compared to P4 exposure.
PGE2 and Papaverine were not significantly different. Papaverine was significantly lower than P4 (p = <0.0001).
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MMPX
Despite pre-exposure to saturating concentrations of P4 and PGE1, MMPX showed a
mechanism of action different from both agonists in which intracellular calcium levels were
greatly reduced (Fig 5.15 A-D).
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Figure 5.15 A-D MMPX examination of PDE -I cross-desensitisation. [Ca2+]i traces for sperm preexposed to (A) P4 and (B) PGE1 followed by MMPX addition, with corresponding data analysis (C & D). One-way
ANOVA using Tukey’s multiple comparisons test showed that (C) sperm exposed to 10 µM 17-OH-P4 following
P4 addition did not produce significant Ca2+ response compared to that of PGE1 (p = 0.0001). MMPX produced a
significant decrease in [Ca2+]i after exposure to P4 in comparison to 17-OH-P4 (p = 0.002). (D) Sperm pre-exposed
to 10 µM PGE1 had significantly lower Ca2+ responses (< 10 %) compared to P4 exposure. PGE2 and MMPX were
significantly different (p = 0.010), and Papaverine was significantly lower than P4 (p = <0.0001).
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5.4.2.6 PDE-I effect on Intracellular pH

While human CatSper is pH sensitive, a wide range of agonists also activate the channel, both
directly and indirectly (Strünker et al., 2011; Brenker et al., 2012; Miller et al., 2016; Achikanu
et al., 2018). The most extensively studied is P4, a naturally occurring hormone present at
micromolar concentrations released for the oocyte cumulus cells (Correia, Michelangeli and
Publicover, 2015). Of the compounds tested, 3/5 showed an increase in intracellular calcium.
The primary regulatory signal for the transitions from activated to hyperactivated motility in
human spermatozoa is an increase in [Ca2+]i thought to be via the CatSper channel. Therefore,
to investigate the mechanism by which these PDEi compounds promote motility, BCECF, a
ratiometric dye, was used to assess changes in pHi. Of the 5 PDE-I compounds, 1, Ibudilast
surprisingly increased pHi significantly from a resting basal pHi of ~ 7.11 to 7.46. NH4Cl, a weak
base used as a positive control in this study significantly increased resting pHi to ~ 8.16 (p =
0.04) and produced a significantly higher increase in pHi in comparison to the PDE-I
compounds (Fig 5.16).
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Figure 5.16: Effect of PDEi compounds on sperm pHi. BCECF was used to track changes in intracellular
pH in capacitated donor sperm from the 80 % DGC fraction (n = 3 donor sperm samples). (A) A 5 point standard
curve was used for calibration. (B) The table shows that of the 6 compounds test, Ibudilast significantly increased
(p = 0.048) intracellular pH in comparison to basal pH. NH4Cl, a weak acid was used as a positive control and
significantly decreased pHi (p = 0.016).
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5.4.2.7 Electrophysiology CatSper and KSper

Note: Experimental Studies and raw data supplied by Dr Sean Brown.
Electrophysiological studies have identified that CatSper stimulation by P4 and increases in
intracellular pH act synergistically (Lishko, Botchkina and Kirichok, 2011). 4/6 compounds that
gave an increase in [Ca2+]i, plus Dipyridamole, were subjected to electrophysiological
examinations to investigate the mechanism by which, Ibudilast, Etazolate, Tofisopam and
Dipyridamole affect [Ca2+]i. Whole-cell patch-clamp electrophysiology suggests that Ibudilast
modulated CatSper ion channel function as inward CatSper currents were potentiated (Fig
5.16 B) while not affecting potassium channel currents (IKSper) (Fig 5.16 C). Etazolate
potentiated both inward and outward CatSper currents (Fig 5.16 D) and had an inhibitory
effect on IKsper Function through suppression of outward conductance (Fig 5.16 E).
Tofisopams effect on CatSper modulation showed no change from control conditions (Fig 5.16
F) and the potassium channel was not assessed. Lastly, Dipyridamole showed no modulation
of CatSper in comparison to control (Fig 5.16 G); however, IKSper was significantly
suppressed, as seen with Etazolate exposure.

133

A

600

I (pA/pF)

**
400

Outward I @ 80mV

200

Inward I @ -80mV

0
-200

*

-400

Control

500nM P4

B

C

300

60

100
0

Ibudilast
20

-80mV

-100

-100

-50

50

*

-200

Control

100

-20

Ibudilast

Vm (mV)

D

E

400

Control

60

*

Etazolate

80mV

200

I (pA/pF)

40

0

-80mV

20

-200

**
-400

-100

-50

Etazolate

Control

50

100

-20

Vm (mV)

F
300

I (pA/pF)

200

80mV
100
0

-80mV

-100
-200

Control

Tofisopam

G

H

300

60

Control

80mV

200

Dipyridamole

40

I (pA/pF)

I (pA/pF)

I (pA/pF)

Control

40

80mV

I (pA/pF)

I (pA/pF)

200

100
0
-100

-80mV

-100

-200

20

-50

50
-20

control

Dipyridamole

Vm (mV)

134

100

Figure 5.17: Patch Clamp Electrophysiology . Donor sperm from the 80 % fraction incubated in
capacitating conditions (n = 3). (A) Inward and Outward CatSper-mediated Cs+ currents in response to the
physiological agonist progesterone (500 nM) (p = 0.0298, 0.009 respectively). (B) Ibudalist significantly increased
inward CatSper-mediated Cs+ currents only (p = 0.0351) with (C) no effect on Erev and Gm. (D) Etazolate
significantly increased inward and outward CatSper-mediated Cs+ currents (p = 0.0139, 0.0038 respectively) and
(E) inhibited KSper Erev and Gm (p = < 0.0001) in comparison to control conditions. (F) Tofisopam has no
significant effect of CatSper-mediated Cs+ currents and KSper currents were not recorded in this study,
remaining inconclusive. (G) Dipyridamole had no significant effect on CatSper- mediated Cs+ currents, however
significantly reduced KSper Erev and Gm currents (p = < 0.0001).

Discussion
In an attempt to revolutionise Drug Discovery for male infertility and make steps towards
utilising compounds that promote sperm motility, Tardif et al., (2014) identified 6 PDE-I
compounds - Ibudilast, Etazolate, Tofisopam, Papaverine, MMPX and Dipyridamole that
improved patient sperm function (in vitro) in those presenting with low motility parameters
(< 40 % TM and < 32 % PM). These compounds posed no toxic effects to the non-capacitated
spermatozoa and did not induce premature AR. In the healthy donor sperm population
motility parameters were unaffected (Tardif et al., 2014). Thus, holding promise as candidates
for further screening. Advancing from Tardif et al. (2014) two-stage approach, we have
systematically determined the mechanical action of PDE-I compounds using relevant in vitro
testing.
Similar to the research demonstrated by Tardif et al., (2014) we screened the kinematic
parameters, TM and PM of donor spermatozoa (80% DGC fraction), however, under
capacitating conditions and with the addition of % HA screening. In line with the results from
Tardif et al., (2014), 5/6 compounds showed no effect on TM or PM; however, under
capacitating conditions, Ibudilast reduced all kinematic parameters while successfully
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increasing TM and PM in non-capacitated sperm. Tofisopam and Papaverine showed no effect
on motility within this population suggestive that these compounds would have minimal
effect on patients that presented with normal semen parameters under capacitating
conditions., i.e. for IVF treatment. However, as these compounds successfully increased
kinematic parameters of sperm under non-capacitating conditions, this presents them as
suitable compounds to aid IUI treatment. As IUI involves washing of the ejaculated
spermatozoa, in a non-capacitating medium before placement within the uterus, beyond the
cervix, these compounds could improve sperm motility potential into the Fallopian tube to
promote fertilisation success.
Exposure to Etazolate, MMPX and Dipyridamole showed significant increases in % HA within
the healthy donor population. In vitro, these compounds may have the potential to increase
sperm motility of patient samples (regards of capacitation status) that typically would only be
suitable for ICSI. In vivo, these compounds may present as therapeutic candidates for
boosting spermatozoa through the viscous cervix mucus. However, the consequences on in
vivo sperm motility and capacitation in the presence of these compounds remains to be
examined.
Donor and patient samples were exposed to the 6 PDE-Is, and HPLC was used to measure
intracellular cAMP and cGMP changes. The study was conducted alongside a positive control,
IBMX (500 µM), a non-selective PDE-I that increases intracellular cAMP and cGMP (Alasmari
et al., 2013b). The most effective compound for cAMP stimulation was identified as Ibudilast
in both donors and patients, with no effect seen on cGMP levels. No data is available on
Ibudilast’s effects on human sperm but in somatic cell lines identified that Ibudilast is a dual
substrate inhibitory enzyme for PDE4, the cAMP-specific degradative enzyme and PDE3A, an
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enzyme shown to metabolise both cAMP and cGMP generation (Huang et al., 2006; Yamazaki,
Anraku and Matsuzawa, 2011). Two in-depth studies of human sperm proteome (Wang et al.,
2013, 2016) identified seven phosphodiesterase enzymes, namely, PDE1, PDE4, PDE6, PDE8,
PDE10, PDE11 and PDE12. PDE3 isoforms were not identified in either study (Wang et al.,
2013, 2016). Pharmacological evidence supports the presence of both PDE4, and PDE3
isoforms in human sperm (Fisch, Behr and Conti, 1998; Lefièvre, de Lamirande and Gagnon,
2002) and specific inhibitors for PDE3 inhibition such as Milrinone (Lefièvre, de Lamirande
and Gagnon, 2002) have been shown to increase human sperm motility. PDE3A has been
suggested to be localised to the postacrosomal region of the sperm head (Lefièvre, de
Lamirande and Gagnon, 2002) therefore, if present its effects on sperm function may be
isolated to that region. Somatic cell literature has demonstrated that Ibudilast holds a higher
affinity for cAMP generation than cGMP (Fujishige et al., 1999; Imming, Sinning and Meyer,
2006) and this study supports these findings.
Similar to Ibudilast, Papaverine, Etazolate and Tofisopam also increased cAMP activity in both
the donor and patient populations but not cGMP. Etazolate, a selective PDE4 inhibitor, has
been demonstrated to increase cAMP levels in human sperm (Mrsny, Siiteri and Meizel, 1984)
and promotes phosphorylation of membrane proteins in human sperm (Huacuja et al., 1977).
Of the PDE-Is mentioned in this study, Papaverine has been studied abundantly for use in
mammalian sperm, it has been documented to increase cAMP levels only and mimic the
effects of capacitation in human, boar and guinea pig spermatozoa (Torres-Flores et al., 2008,
Harrison, 2004 and Hunnicutt et al. 2008). Here, we have shown Papaverine to increase only
cAMP. Previously, stimulation of both cAMP and cGMP have been observed with Papaverine
at a concentration of 500 µM (Torres-Flores et al., 2008), five times higher than used in this
study; therefore the effect on cGMP may only be observed at higher concentrations.
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Additionally, Maréchal et al., (2017) demonstrated that Papaverine targets PDE4D and PDE3
in seminal plasma at sufficient inhibitory concentrations of 400 nM; however, motility and
cyclic nucleotide content were not assessed.
With regards to Tofisopam, studies have shown that Tofisopam acts as a low isoenzymeselective inhibitor of PDE4A, followed by PDE10A, PDE3 and PDE2A (Rundfeldt, Socała and
Wlaź, 2010; Bihel et al., 2011). However, there is little to no information on its effects on cyclic
nucleotide levels in sperm. With no effect observed on cGMP levels in this study, it is plausible
that the cAMP increase observed is via PDE4 inhibition.
Of all the PDE-Is in question, Dipyridamole was the only PDE-I that significantly increased
cAMP and cGMP. Consistent with the findings of this study, Maréchal et al., (2017)
demonstrated inhibition of PDE10 on exposure of 10 µM dipyridamole and suggested that
PDE10 is abundantly expressed in human spermatozoa. Using a cAMP-PDE assay, they
demonstrated that PDE10A contributes to more than 40 % of all the cAMP-PDE activity. We
have shown results consistent with these findings and demonstrated significant increases in
cGMP using HPLC.
Lastly, MMPX has three predicted targets, PDE11A, PDE1A and PDE2A (Wells and Miller, 1988;
Tian et al., 2011) in somatic cells. MMPX has been reported as a specific inhibitor of
calmodulin sensitive cyclic GMP PDE1A for murine fertilisation (Baxendale and Fraser, 2005).
Despite its reported targeted dual hydrolysis of cAMP and cGMP via PDE11 inhibition, in this
study, MMPX showed significant increases in cGMP but not cAMP. PDE11 is highly expressed
in the male reproductive tract, including developing spermatozoa (Wayman et al., 2005). The
catalytic domain of PDE11 is vastly conserved compared to other PDE family members, and
PDE11 is most closely related to PDE5, and PDE5 represents a small fraction of the PDE activity
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in human sperm (Lefièvre, De Lamirande and Gagnon, 2000). It has been suggested that
PDE11 maintains sperm in an uncapacitated state before ejaculation and regulates forward
movement following ejaculation (Wayman et al., 2005).
Interestingly, these compounds stimulated cyclic nucleotide production equivalently in both
the donor and patient groups regardless of the treatment factor (Andrology/ IVF). Notably,
micromolar concentrations of PDE-I are generally required to induce improvements in human
sperm motility, but the reason for this is unknown (McBrinn et al., 2019). There is no
information available regarding the pharmacological kinetics of each compound such as the
concentration that enters the cytoplasmic space for metabolism in sperm. Therefore, our data
may reflect non-selective PDE-I activity at other PDE sites within the spermatozoa to induce
the cyclic nucleotide changes observed in both the donor and patient samples.
It is plausible that additional key signalling molecules are targeted by PDE-I exposure. There
is an abundance of studies that demonstrate CatSper’s functionality is crucial to sperm
motility status and fertilisation potential (Ren et al., 2001; Strünker et al., 2011; Brenker et
al., 2012; Schiffer et al., 2014; Williams et al., 2015). Due to its sperm-specific nature, CatSper
represents as a drug target for the development of novel therapeutics for male infertility.
CatSper is activated by physiological agonists P4 and PGEs, intracellular alkalinisation and
membrane depolarisation (McBrinn et al., 2019). In regards to both the donor and patient
populations, analysis of these compounds (with the expectation of Dipyridamole, as
previously described), 4/5 demonstrated substantial [Ca2+]i increase from baseline with
varying orders of magnitude, whereas MMPX significantly reduced intracellular calcium
demonstrating an inverted bi-phasic pattern to P4. This finding is interesting as MMPX
significantly improved sperm HA and demonstrated acute inhibition of Ca2+ signalling thus

139

suggestive that CatSper Ca2+ signalling had no effect. Given this result, it would be interesting
to assess sperm HA and CatSper currents of spermatozoa exposed to MMPX. Previously
Williams et al. (2015) showed that 1 patient exhibiting sperm HA had diminished CatSper
currents upon P4 stimulation. It is plausible that MMPX works by sperm membrane
hyperpolarisation that inhibits CatSper channel function in a transient manner (Patrat et al.,
2006). MMPX was not assessed for its modulation of CatSper and KSper current due to the
compounds inability to stimulate [Ca2+]i, however, this is worth revisiting for potentiation of K
currents. However, cross desensitisation experiments determined the decreases in calcium
observed in the presence of MMPX was unaffected when sperm are pre-exposed to P4 and
PGE1 indicating that the calcium suppression is not via the CatSper channel directly, indirectly
or via intracellular alkalinisation (De Blas & Darszon et al., 2009; De Toni et al., 2016; Kumar
et al., 2016). In contrast, HA was significantly increased in sperm following MMPX exposure.
Calcium extrusion as seen with MMPX, from the cytosol, is essential for maintaining normal
sperm motility and fertility. The plasma membrane calcium ATPase 4 (Wennemuth, Babcock
and Hille, 2003), is responsible for efflux of Ca2+ into the extracellular space and involved in
NO signalling, ATPase 4 is ubiquitously expressed and maintains a steep Ca2+ gradient
between the intracellular and extracellular space, functioning as a modulator of signal
transduction pathways, such as sperm hyperactivation (Di Leva et al., 2008). Localised to the
head, neck and principal piece, MMPX may exhibit its effects via the ATPase pump, upon
stimulation intracellular calcium efflux occurs and generates NO synthesis that increases
cGMP, and sperm motility (Andrews, Galileo and Martin-DeLeon, 2015). This compound has
the potential to improve the functionality of asthenozoospermic patients, particularly for
CatSper null patients that do not respond to physiological agonists and offers as a therapeutic
strategy for ICSI, IVF and IUI treatments.
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Of the compounds that increased [Ca2+]i, whole-cell patch-clamp electrophysiology confirmed
that Ibudilast and Etazolate potentiated CatSper currents compared to control, additionally
Etazolate significantly suppressed K+ current. PGE1 is proposed to activate CatSper directly
whereas P4 acts indirectly through stimulation of ABHD2, thought to metabolise endogenous
inhibitory endocannabinoids to create the opening of the CatSper channel (Mannowetz,
Miller and Lishko, 2017; Miller et al., 2018). We utilised cross-desensitisation to examine the
profile of the agonist in comparison to P4 and PGE1, as these physiological agonists have
limited cross-desensitisation effects on the CatSper Channel. Ibudilast showed a CD profile
that was similar to PGE1, and on examination of intracellular pH, this was significantly
increased. The calcium response was not suppressed by Etazolate following exposure to P4
or PGE1; therefore Etazolate may stimulate calcium via stimulation of [Ca2+]i stores located in
the acrosomal and midpiece regions (Alasmari et al., 2013b). These stores play a central role
in the regulation of cellular Ca2+ and the generation of complex Ca2+ oscillations (Correia,
Michelangeli and Publicover, 2015). [Ca2+]i stores regulate capacitation and hyperactivation
(Alasmari et al., 2013b); as Etazolate increased sperm HA, it is plausible it may stimulate these
stores. Additionally, Etazolate had no effect on pHi. Etazolate may have the potential to
bypass the effects on motility of lesions in the expression, function or regulation of CatSper
channels by pharmacological activation of stored Ca 2 +release (Correia, Michelangeli and
Publicover, 2015).
Tofisopam and Papaverine had very comparable profiles, both increasing [Ca2+]i. Whole
patch-clamp electrophysiology showed no significant changes in CatSper or KSper currents to
Tofisopam exposure (Papaverine was not assessed). Surprisingly, cross desensitisation
examination exhibited partial cross-desensitising of P4 and PGE1 channels following
Tofisopam and Papaverine exposure indicating that these compounds demonstrated a non141

specific effect on CatSper activation. pHi was not affected thus, ruling out an alkalinisation
induced effect. Given the difficulty in interpreting the calcium % ∆F cross desensitisation for
Tofisopam and Papaverine, and electrophysiological assessments of the ion channel are
conclusive and showed the effects of Tofisopam and Papaverine may be predominately via
cAMP regulation and intracellular calcium activation.
The nature of the [Ca2+]i influx following stimulation is not clear and several channels may be
involved (Florman, Jungnickel and Sutton, 2008, Xia and Ren 2009, Cohen et al. 2014). Ca2+
signals are sensitive to inhibition of G-protein signalling and inhibition of PLC (Florman,
Jungnickel and Sutton, 20082008, Ren and Xia, 2010) and while CatSper has been extensively
studied, the existence of novel channels for ion transport are continuously being established
(Lishko et al., 2010; De Toni et al., 2016; Kumar et al., 2016; Miller et al., 2016). It has been
suggested that cGMP can interact with the regulatory subunit of PKA when PDE-Is are used
at high concentrations (Willipinski-Stapelfeldt et al., 2004; Zaccolo and Movsesian, 2007).
More research is required into how sperm can generate and use diverse [Ca2+]i signals to
control diverse Ca2 +-sensitive functions.
Immunocytochemical analysis of PDEs identified differential PDE localisation; for example,
PDE4 is isolated to the midpiece of the sperm flagellum and PDE1 has found to be prominent
within the sperm head. These observations support the hypothesis that PDE localisation may
allow for selective regulation of sperm function through the modulation of distinct pools of
cAMP and cGMP. As demonstrated, not all patients respond to PDE-I treatment; therefore, a
sperm population screen with the lead compounds identified in this study that improve sperm
motility using HPLC could direct individual treatment options.
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Table 5.1 Summary of the effect of the PDE -Is on capacitated sperm motility.

Compound

Sperm motility (Capacitating conditions)
TM

PM

HA

Ibudilast

No change

Decrease

Decrease

Etazolate

No change

No change

Increase

Tofisopam

No change

No change

No change

Papaverine

No change

No change

No change

Dipyridamole

No change

No change

Increase

MMPX

No change

No change

Increase

Table 5.2: Summary of mechanistic action o f PDE-Is

Compound

Calcium

Ibudilast

Increase

Etazolate

Increase

Tofisopam

Increase

Papaverine

Increase

MMPX
Dipyridamole

Decrease
N/A

Electrophysiology
CD
CN
CatSper KSper
cAMP cGMP
Increase
No
Similar to
Yes
No
change
PGE1
Increase Blocks
Partial
Yes
No
KSper
Desensitisation
No
No
Similar to both
Yes
No
change change
P4 and PGE1
N/A
N/A
Similar to both
Yes
No
P4 and PGE1
N/A
N/A
Alternative
No
No
No
Blocks
N/A
Yes
Yes
Change KSper

pH
Yes
No
No
No
No
N/A

Conclusion
To achieve fertilisation success, a spermatozoon must be capable of responding appropriately
to external signalling stimuli. Examination of the elicited [Ca 2+]i responses in patients to the
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PDE-I revealed considerable heterogeneity (Table 5.1). This heterogeneity is meaningful both
in terms of understanding how spermatozoa function differently from individual to individual
and in that the heterogeneity should be exploitable in the development of more accurate
laboratory tests. As seen in Chapter 4, biological variability is not uncommon and certainly
not all patients respond to drug treatment (Moohan et al., 1993; Alvarez et al., 2003; McBrinn
et al., 2019).
In summary, we have shown the mechanistic actions in which these PDE-Is improve sperm
motility, with a diverse range of molecular targets, and demonstrated the applicability of
these compounds for ART treatments. While the mechanistic actions differ between the
compounds, this could prove advantageous in achieving a common goal, i.e. improvement in
sperm motility to aid fertilisation success. Of the compounds tested, 3/6, Ibudilast, Tofisopam
and Papaverine may prove as suitable candidates to improve IUI success for patients with
unexplained fertility issues or for men with mechanical problems with sperm delivery.
Etazolate, Dipyridamole and MMPX offer as potential candidates for a plethora of treatments
such as promoting ICSI treatments to an IVF category. It would be of interest to explore the
effects of these compounds in men presenting with ion channel dysfunction such as low or
no CatSper function and for assessment of fertilising potential. Further work is required to
assess the effects of these compounds particularly AR under capacitating conditions which is
vital in determining their suitability as therapeutic candidates, both in vitro and in vivo.
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Chapter 6
Correlation between cyclic nucleotide levels, motility
kinematics and fertilisation outcomes
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Introduction
It is increasingly clear that signal transduction in sperm critically relies on cyclic nucleotide
signalling as a deficiency in most of the molecular players involved in sperm cyclic nucleotide
signalling results in reduced male fertility or infertility (Xie et al., 2006; Potter, 2011; Balbach
et al., 2018). Therefore, it is critical to determine their role in sperm function and fertilisation.
Fundamental to this is the ability to measure cyclic nucleotide levels reliably and routinely.
Chapter 3 established a high throughput methodology using SPE and HPLC for the effective
extraction and quantification of these messengers from the normal healthy donor sperm
population.
Following from Chapter 3, this study aimed to determine a reference range for cAMP and
cGMP in donor and patient sperm and assess the relationship between basal cyclic nucleotide
levels and sperm kinematic parameters. Currently, to the best of our knowledge, there are no
studies examining the basal dynamics of cyclic nucleotides in patient sperm. Therefore, these
associations were tested in sperm samples from patients attending the ACU for routine
andrology assessment or IVF treatment. For those attending for IVF treatment, the basal cyclic
nucleotide activity and fertilisation outcomes were evaluated.

Methods
Refer to chapter 2 for Methodology used within this study
6.2.1 Statistical analysis
A total of 25 donors and 30 patients were included in this study. Statistical comparisons for
the effect of PDE-I vs control conditions used paired t-tests, unpaired t-tests and One-Way
ANOVA analysis as appropriate using the statistical package GraphPad Prism 7 and 8 (La Jolla,
CA, USA) unless stated otherwise. P < 0.05 as represented by *, < 0.01 represented by ** and
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< 0.001 represented by *** is considered significant. [Ca2+]i and pHi studies were recorded as
the percentage change in fluorescence from baseline conditions (% ∆F).

Results
6.3.1 Establishing basal cyclic nucleotide levels in donor sperm
Using the HPLC system, a total of 25 donors (Supplementary Table 8.9), were screened for
their cyclic nucleotide levels. Measured cAMP levels were greater than LOD and LOQ in all
donor samples; however, cGMP levels were below LOD in 6/25 donor samples, but above LOQ
thus these cGMP measurements are approximate values only (Supplementary Table 8.9). The
measured range was 0.47 – 88.81 pmol/4 x106 sperm for cAMP (mean = 32.41 ± 27.30) and
0.49 – 22.67 pmol/4 x106 sperm for cGMP (mean = 6.18 ± 5.41). As observed previously
(Section 3.9.8), there is considerable inter and intra donor variability. Comparative analysis of
the donor cyclic nucleotides revealed that basal cAMP (Fig 6.3, totalling 129 ejaculates) is
present at significantly higher levels than that of basal cGMP (Fig 6.3, totalling 82 ejaculates)
(p = < 0.0001). The 5th percentile for each cyclic nucleotide was measured to determine the
cut off level that represents a “low” basal level; this was measured as 1.56 and 0.97 pmol per
4 x106 sperm for cAMP and cGMP respectively.
Following the establishment of a cyclic nucleotide range in the healthy donor population, the
linear association between basal cyclic nucleotides and their corresponding motility
parameters were evaluated.
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Figure 6.1: Basal cAMP measurements from donor sperm. Measured mean (± SD) cAMP quantity for
25 donors presented as absolute values (4 x106 sperm per injection). Each cyclic nucleotide quantification was
calculated from a minimum of 3 ejaculates per donor (each ejaculate was measured in duplicate using HPLC).
Corresponding cGMP results are shown in Figure 6.2. Tabular results for each donor shown in Supplementary

cGMP (pmol/4 M cells)

Table 8.9.

Figure 6.2: Donor cGMP measurements from donor sperm . Measured mean (± SD) cGMP
concentrations for 19 donors presented as absolute values (4 x106 sperm per injection). Each cyclic nucleotide
quantification was calculated from a minimum of 3 ejaculates per donor (each ejaculate was measured in
duplicate using HPLC). Corresponding cAMP results are shown in Fig 6.1. Tabular results for each donor is shown
in Supplementary Table 8.9.
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Figure 6.3: Measured cyc lic nucleotide levels in donor sperm eja culates. Mean cAMP level within
donor sperm measured as 32.41 pmol/4 x106 sperm (SEM ± 2.40, SD ± 27.30) (129 ejaculates from 25 donors),
5th percentile = 1.56 pmol per 4 x106 sperm and mean cGMP concentration of 6.18 pmol/4 x106 sperm (SEM ±
0.59, SD ± 5.41) (82 ejaculates from 19 donors), 5th percentile = 0.97 pmol per 4 x106 sperm. Unpaired t-test
shows that the donors showed significantly higher basal cAMP levels than basal cGMP (p = <0.0001).

6.3.2 Relationship between cAMP and cGMP from donor sperm
The relationship between cAMP and cGMP levels in human sperm has been poorly
investigated. Here, we assessed the relationship between basal cyclic nucleotides, cAMP and
cGMP from healthy sperm from 25 donors. The linear relationship between the secondary
messengers showed an R2 value of 0.77 and resulting in a significantly positive correlation (p
= < 0.0001) (Fig 6.4) concluding that a relationship exists between basal cAMP and basal cGMP
levels in human sperm.
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Figure 6.4: The correlation between Donor sperm cAMP and cGMP levels. Linear regression and
Pearson R correlation analysis of the mean cyclic nucleotide response from 19 donors showed a significantly
positive correlation (R2 = 0.77, p = < 0.0001).

6.3.3 Relationship between donor sperm motility and cyclic nucleotide levels
As increased cyclic nucleotide stimulation is associated with increased sperm motility
(Wertheimer et al., 2013; Jansen et al., 2015; Maréchal et al., 2017), the relationship between
donor capacitated sperm motility kinematics (TM, PM and HA) and cyclic nucleotides were
assessed. Using Pearson’s R correlation analysis, TM and PM (Fig 6.5 A & B) in relation to basal
cAMP activity showed no significant correlation (R2 = 0.007, p = 0.72; R2 = 0.03, p = 0.41)
however HA (Fig 6.5 C) showed a significantly positive correlation (R2 = 0.40, p = 0.002)
indicative that that greater the basal cAMP level measured positively correlated with % HA
status of the sperm sample. In relation to the donor basal cGMP activity, there was a positive
correlation for TM and HA with cGMP content measured (Fig 6.6 A & C) (R2 = 0.24, p = 0.03;
R2 = 0.48, p = 0.001 respectively), while PM had no significant correlation. These findings
suggest that a relationship exists in donor sperm between cyclic nucleotide levels and sperm
hyperactivation.
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Fig 6.5: Donor motility parameters correlated to basal cAMP levels . Mean cAMP response was
calculated for each donor (n = 23 donors) and plotted against the corresponding mean motility parameters after 3
hr exposure to capacitating conditions. TM (A) and PM (PM) showed no significant correlation (p = 0.72 and 0.41
respectively) to cAMP however basal cAMP levels showed significantly positive correlation to the % HA (p = 0.002).
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Fig 6.6: Donor motility parameters correlated to basal cGMP levels. Mean cGMP response was
calculated for each donor (n = 19) and plotted against the corresponding mean motility parameters after 3 hr
exposure to capacitating conditions. TM (A) and HA (C) showed significant increased correlation in basal cGMP
levels (p = 0.03 and 0.001 respectively) whereas PM has no significant correlation to basal cGMP levels (p = 0.84).

6.3.4 Establishing Patient sperm basal cyclic nucleotide levels
Following basal cyclic nucleotide response in the healthy donor population, patients
attending the ACU for either routine semen analysis (Andrology) or IVF treatment were
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screened for their basal cyclic nucleotide level. As observed with the donor population, there
was substantial sample inter-variability; however, intra-variability could not be sufficiently
assessed as measurements were taken from one ejaculate only (Fig 6.7 & 6.8). Sperm from a
total of 30 patients were tested for their cyclic nucleotide levels of which 20/30 were from
the Andrology cohort, and the remaining ten patients were attending for IVF treatment. There
was no significant difference in basal cAMP or cGMP levels between treatment groups (Fig
6.10). Of the 30 patients screened, all patients had cAMP levels greater than LOD and LOQ
however, for cGMP measurements, 4 patients from the routine andrology cohort had basal
cGMP levels < LOD and were therefore not included for cGMP assessments. Furthermore, 3
Andrology patients had basal cGMP levels greater than > LOD but < LOQ, therefore, the data
is treated as approximate values only (Supplementary Table 8.10). Basal patient cAMP levels
ranged from 1.04 – 52.07 pmol/4M sperm (mean = 13.75 ± SD 12.55, SEM ± 2.29) and basal
cGMP ranged from 0.46 – 13.68 (mean = 4.48 ± SD 3.21, SEM ± 0.67).
Unpaired t-test analysis concluded that basal cAMP response in patients was significantly
higher than basal cGMP (p = 0.001) (Fig 6.9); these results are consistent with those observed
for donors. Interestingly, analysis of donor and patient basal cyclic nucleotide levels showed
that cAMP levels were higher in the donor population than in the patient group (p = 0.026),
but there was no significant difference of mean basal cGMP levels between the two groups
(Fig 6.9).
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Figure 6.7: Patient sperm cAMP measurements . Measured mean (± SD) cAMP levels from 30 patients
presented as absolute values (4 x106 sperm per injection). Each level of cyclic nucleotide was calculated from a
minimum of 3 replicates from 1 ejaculate per patient and measured by HPLC. Of the patients tested, 21 were
attending the ACU for routine andrology assessment and 9 for IVF treatment. Corresponding patient cGMP
Cyclic
Guanosine
results are shown in Figure 6.8. Tabular results 3',5'for each
patient
shown in Supplementary Table 8.10.
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Figure 6.8: Patient sperm cGMP measurements . Measured mean (± SD) cGMP level from 26 patients
presented as absolute values (4 x106 sperm per injection). Each level of cyclic nucleotide was calculated from a
minimum of 3 replicates from 1 ejaculate per patient and measured by HPLC. Of the patients tested, 21 were
attending the ACU for routine andrology assessment and 9 for IVF treatment. Corresponding patient cAMP
results are shown in Figure 6.7. Tabular results for each patient shown in Supplementary Table 8.10.
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Figure 6.9: Donor versus patient sperm cyclic nucleotide levels. 25 donors and 30 patient samples
were assessed for their basal cyclic nucleotide levels. Unpaired t-test (Mann-Whitney test) showed that the
donor basal cGMP level is significantly lower than that of the basal cAMP levels (p = 0.001). Patient basal cAMP
was prevalent in significantly higher levels than patient basal cGMP (p = 0.0006). Between the population groups,
basal cAMP measured in donors was significantly higher than that of patient basal cAMP levels (p = 0.026), and
there was no significant difference in cGMP levels between donors and patients.
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Figure 6.10: Basal Cyclic Nucleotid e levels within patient groups. Unpaired T-test showed no
significant difference between basal (A) cAMP and (B) cGMP between those samples for routine andrology
assessment or those samples used for IVF treatment.

6.3.5 Relationship between patient motility and cyclic nucleotide levels
As mentioned previously, analysis of the relationship between donor motility and basal cyclic
nucleotide levels was assessed for potential correlation. The same method was applied to the
patient group. Results showed that there was a positive correlation between the % PM and
% HA status of sperm and the basal cAMP level detected (p = 0.006; p= 0.021 respectively)
(Fig 6.11) whereas TM showed no significant correlation to cAMP levels. In regard to basal
cGMP measured in patients, there was no significant relationship between the motility
parameters and cGMP levels, in either the IVF or Andrology groups (Fig 6.12).
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Figure 6.11: Patient sperm motility parameters correlated to basal cAMP levels. Mean cAMP
level was calculated for each patient (n = 30 patients) and plotted against the corresponding mean motility
parameters after 3 hr exposure to capacitating conditions. TM in relation to basal cAMP activity showed no
significant correlation (R2 = 0.08, p = 0.14) however PM and HA showed positive correlation (R2 = 0.24, p = 0.006;
R2 = 0.18, p = 0.021 respectively) to basal cAMP levels.
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Figure 6.12: Patient sperm motility parameters correlated to basal cGMP levels . Mean cGMP
level was calculated for each patient (n = 26 patients) and plotted against the corresponding mean motility
parameters after 3 hr exposure to capacitating conditions. TM, PM and HA in relation to basal cAMP activity
showed no significant correlation (R2 = 0.03, p = 0.371; R2 = 0.0007, p = 0.90; R2 = 0.0007, p = 0.90).
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6.3.6 Relationship between cyclic nucleotide levels and fertilisation rate for IVF
patients
To illustrate the diagnostic ability of basal cyclic nucleotide activity as an indicator of
fertilisation success at IVF. Utilising linearity assessments and Pearson’s R correlation analysis,
the relationship between basal cyclic nucleotide levels and fertilisation rate was assessed.
Basal cAMP and cGMP levels and respective fertilisation rates (Fig 6.13 and Fig 6.14
respectively) showed a significantly positive correlation (R2 = 0.42, p = 0.042; R2 = 0.59, p =
0.009). Two patients were below the 5th percentile cut-off for cAMP and had a corresponding
fertilisation rate of 20 %. These results indicate that basal cyclic nucleotide activity of
capacitated human spermatozoa may be a good indicator of fertilisation success rate.
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Figure 6.13: Basal cAMP levels and Fertilisation rate at IVF . Linear regression and Pearsons R
correlation analysis showed a significant correlation between basal cAMP levels and
fertilisation rate of 10 Patients undergoing IVF treatment (R 2 = 0.42, p = 0.042).
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Figure 6.14: Basal cGMP levels and Fertilisation rate at IVF . Linear regression and Pearsons R
correlation analysis showed a significant cor relation between basal cGMP levels and
fertilisation rate of 10 Patients undergoing IVF treatment (R 2 = 0.59, p = 0.0090).

6.3.7 Relationship between sperm hyperactivation and fertilisation rate in IVF
patients
As a positive correlation exists between basal cyclic nucleotides levels and the % HA sperm in
a sample and sperm % HA is significantly correlated with fertilisation rate at IVF (Molina et
al., 2018), we assessed the % HA in 10 IVF patients and their fertilisation success rates (Fig
6.15). Linearity assessment and Pearson’s R correlation analysis showed a significant
correlation between % HA sperm within the patient sperm sample and the fertilisation rate
(%) at IVF treatment. These results indicate that measurement % HA of capacitated human
sperm may be a good indicator of fertilisation success rate at IVF.
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Figure 6.15: % Hyperactivation and Fertilisation rate at IVF. Linear regression and Pearsons R
correlation analysis showed a significant correlation % HA and fertilisation rate of 10 Patients undergoing IVF
treatment (R2 = 0.73, p = 0.016).

Discussion
The involvement of cAMP and cGMP in regulating sperm functions have been well established
in mouse models. Optogenetic analysis of cAMP-signalling and compartmentalisation shows
cAMP components to be uniformly distributed to the flagellum (Jansen et al., 2015; Raju et
al., 2019). Genetic ablation of the largest source of cAMP in mammalian sperm, sAC, renders
sperm immotile (Esposito et al., 2004; Xie et al., 2006). cGMP importance in human sperm
motility has been demonstrated through NOS synthesis and specific PDE-I inhibitors that
prevent cGMP degradation (Lefièvre, de Lamirande and Gagnon, 2002; Miraglia et al., 2011;
McBrinn et al., 2019). The mechanisms that controls cyclic nucleotide synthesis and
degradation in mammalian spermatozoa has been the object of investigation for a number of
decades. The use of PDE-I implies that cyclic nucleotides play a functional role in sperm
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function (Fisch, Behr and Conti, 1998; Nassar et al., 1999; Lefièvre, De Lamirande and Gagnon,
2000; Conti and Beavo, 2007; Mukherjee et al., 2016), but given the diverse pharmacological
targets of these inhibitors (Chapters 4 and 5), there is a clear need to utilise technology to
directly measure cyclic nucleotides levels and their role in sperm function. However, their
quantification of the basal cyclic nucleotide level within human spermatozoa has been poorly
researched despite these secondary messengers playing a critical role in sperm function.
Progression towards reference ranges for these secondary messengers in donor human
spermatozoa were established as 0.47 – 88.81 pmol/4 x 106 sperm for basal cAMP levels and
0.49-22.67 pmol/4 x 106 sperm for basal cGMP levels. The 5th percentile cut off level measured
as 1.56 and 0.97 pmol per 4 x106 sperm for cAMP and cGMP, respectively. With regards to
basal patient cAMP, levels ranged from 1.04 – 52.07 pmol/4 x 106 sperm (mean = 13.75 ± SD
12.55, SEM ± 2.29) and basal cGMP ranged from 0.46 – 13.68 (mean = 4.48 ± SD 3.21, SEM ±
0.67). Interestingly, analysis of donor and patient basal cyclic nucleotide levels showed that
cAMP levels were higher in the donor population than in the patient group, but there was no
significant difference of mean basal cGMP levels. One study conducted by WillipinskiStapelfeldt et al., (2004), assessed cAMP and cGMP in human sperm using immunoblotting
revealing values of 1-90 fmol cGMP per million sperm and 0.2- 2.3 pmol cAMP per million
sperm. The results reported in the 2004 study are lower than the results obtained in this
study, this may be due to the differences in reagents used to precipitate the cyclic nucleotides
and the testing techniques. The sperm extracts tested in this study were analysed on the same
day by UV-HPLC, whereas Willipinski-Stapelfeldt et al. (2004) stored the extracts at -80 °C until
testing. Freezing and long-term storage of human cyclic nucleotide extracts may result in
significant reduction in cyclic nucleotide levels which may reflect the discrepancies in results.
One vital element to take into consideration is that intracellular cyclic nucleotide levels were
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measured in whole spermatozoa and may not be representative of the levels present in
specific compartments or involved in specific aspects of sperm not in reference list functions.
Comparative analyses of cyclic nucleotides in this study found higher levels of cAMP than
cGMP within the human sperm samples. This may be due to the higher prevalence of sAC
activity than sGC activities in both particulate and soluble protein sperm fractions. The higher
modulation of sAC for cAMP production may be due to the addition of extracellular cAMP
activity. Evidence suggests extracellular cAMP activates the sAC signalling pathway in bovine
sperm and thus, similarly could play a role in the modulation of cAMP in human sperm (Alonso
et al., 2017).
Additionally, we recognised considerable variability between different donor/patient samples
and from those samples from the same donor (this could not be applied to patient samples).
Both findings are consistent with the results demonstrated by Willispinski-Stapeldeldt et al.
(2004). In sperm, as well as in other cells, intracellular cyclic nucleotide levels are highly
dynamic and compartmentalised, and this contributes to various sperm functions (Buffone et
al., 2014). It is becoming increasingly clear that signalling events occur in spatially discrete
compartments and in confined regions of spermatozoa (Travis and Kopf, 2002). Additionally,
heterogeneous subpopulations of cyclic nucleotide levels have been described in one murine
sperm study (Cisneros-Mejorado and Sánchez Herrera, 2012). It is plausible that such
variations in basal cyclic nucleotide levels exist due to their hydrolysis by PDE which may occur
at any given time. It is unclear if this is action is an equilibrium effect, spontaneous or timedependent manner. Furthermore, we have shown that a relationship exists between basal
cAMP and cGMP levels in the healthy donor population. This finding is not uncommon in
somatic cell research, where is it well known that basal cAMP and cGMP display signalling
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cross-talk (Zaccolo and Movsesian, 2007), however, this is not well established in sperm
research.
As increased cyclic nucleotide stimulation is associated with increased in sperm motility,
kinematic parameters where assessed. The most consistent observation was a significant
relationship exists between basal cAMP and cGMP and hyperactivation status within the
donor sperm population. As far as sperm functions are concerned, it comes as no surprise
that increases in % HA correlate with increases in cyclic nucleotide levels (Lefièvre, De
Lamirande and Gagnon, 2000; Wertheimer et al., 2013; McBrinn et al., 2019). Surprisingly,
contrasting results were obtained for cGMP and %HA associations within the patient group.
One reason for this could be attributed to NO generation. Spermatozoa naturally synthesise
endogenous NO, and the basal release of this free radical has been observed to be higher in
donor sperm than in patient sperm samples; given that, normal spermatozoa express more
NO and generate more nitrite than spermatozoa of patient samples (Lewis et al., 1996) it may
explain the reduced correlation to HA status to basal cGMP levels. In chapter 4 of this thesis,
we demonstrated that Trequinsin Hydrochloride, a PDE-I that increases cGMP, also
significantly increases sperm hyperactivation in patient sperm. It may prove useful to
investigate the effects of increased levels of exogenous cGMP in patient sperm motility in
vitro. 8-Bromo-cGMP, a nonhydrolyzable cGMP analogue could, therefore, be used to
increase intracellular cGMP levels and sperm motility, as it is lipid soluble it can enter the
cytosolic space, in contrast to cGMP, which cannot penetrate the membrane. Both 8-BromocAMP/cGMP have been suggested to stimulate Ca2+ uptake in mouse sperm (Orta et al., 2018)
therefore, could be investigated as physiological agonists of sperm function.
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It is widely accepted that cyclic nucleotide generation is a biomarker for sperm motility and
function. Due to the ease of this simultaneous quantification of cAMP and cGMP
demonstrated in this chapter and chapter 3. Cyclic nucleotide assessment could prove useful
as a potential diagnostic test to predict successful fertilisation in vitro. Furthermore,
understanding at a molecular level basal cyclic nucleotide levels could help direct PDE-I
treatment options for males suffering from poor sperm motility (Chapters 4 and 5).
In view of the multifunctional nature of asthenozoospermia and that the majority of the cases
of reduced sperm motility remain idiopathic, it is necessary that a molecular sperm function
testing strategy in which several variables, including sperm motility parameters are used to
predict the fertilisation rate.
The potential use of HA as a biomarker of fertilising ability is of great interest, and a
correlation between HA and fertilisation has been sought for human spermatozoa.
Hyperactivated motility is thought to convey several physiological advantages of human
spermatozoa such as improving migration through the oviduct, promoting release of the
sperm from isthmic epithelial cells, and enabling penetration of the cumulus and ZP of the
oocyte. Moreover, on assessment of 10 patient samples attending the ACU for IVF treatment,
we assessed the basal cyclic nucleotide levels and the % fertilisation rate and the results
demonstrated positive correlations between both factors. Within this group, % HA was found
to be significantly correlated to the fertilisation rate, this may demonstrate that the % HA
sperm within a sample may be used as a potential predictive tool of fertilisation success for
IVF treatment however assessment at time of IVF may be more insightful. In support of this
finding, Burkman et al., (1984) demonstrated that sperm samples from sub fertile males
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exhibited significantly less HA motility when compared with samples from men of proven
fertilisation at IVF.
Universally there is no accepted criteria for the measurement of HA. CASA systems for sperm
analysis are becoming more common in routine clinical practise and there is an urgent need
to define a universal criteria for sperm HA, therefore there will not be sufficient evidence to
indicate that HA may be used to predict fertilisation outcomes.
To conclude, this study has demonstrated a quantitative method for basal cyclic nucleotide
levels in human spermatozoa. The preliminary IVF patient data from this study has
demonstrated the worth of further research and development . The use of this method in
conjunction with CASA for the measurement of % HA has potential as cost effective resource
for predicting spermatozoon fertilising potential and could provide informative patient
information for more directive and individualised patient treatment options.
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Chapter 7
General Discussion
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Review of thesis aims and findings
The aims of the present studies were to (1) Develop a methodology to extract, identify and
quantify cAMP and cGMP in human donor sperm; (2) To utilise this methodology in
conjunction with established sperm function and molecular target tests Trequinsin
Hydrochloride was studied to determine the mechanisms of actions of [Ca2+]i increase; (3) To
systematically determine the mechanisms of action of 6 PDE-I compounds with reported
ability to improve patient sperm motility; and (4) To create a profile of patient sperm cyclic
nucleotide activity and to correlate the relationships of basal cyclic nucleotide levels with
patient sperm motility and IVF fertilisation rate.
Our knowledge of the pathways involved in sperm movement is predominately through single
gene defects in humans (Brown et al., 2016, 2018; Akbari et al., 2019) and knock-out mouse
models (Kopf, 1989; Hess et al., 2005; Groneberg et al., 2013; Mannowetz et al., 2013; Zeng
et al., 2015; Chung et al., 2017). While, research has shown that cyclic nucleotide levels are
elevated in the presence of PDE-Is, very few studies have profiled basal cyclic nucleotide
levels. In Chapter 3, Study 1 established a practical and straightforward solid-phase extraction
for cyclic nucleotides within human donor sperm. Consecutively, this study established an
analytic method using high-performance liquid chromatography, in the reverse phase mode
and coupled to UV detection for cyclic nucleotide separation, detection and quantification.
Additionally, study 1 tested the transferability of the extraction method of the cyclic
nucleotides in donor sperm to a mass spectrophotometry system. The HPLC method was
found to be sensitive and specific for the detection of cAMP and cGMP in donor sperm. The
data provided a proof of principle that this technique could be applied to screen donor and
patient sperm for both basal levels and physiological agonist-induced changes. Thus,
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highlighting that HPLC is a suitable alternative to on-market assays for cyclic nucleotide
profiling in human sperm.
In study 2 and 3 (Chapters 4 and 5 respectively), utilising HPLC with established in vitro tests
the mechanistic actions of compounds that improve sperm motility where characterised.
Study 2 identified that Trequinsin exhibits a novel pharmacological profile in human sperm
and may present as a suitable lead compound for the development of new pharmaceuticals
to improve patient sperm function and fertilisation potential. Study three screened
compounds identified by Tardif et al. (2014) and found that these PDE-Is, like Trequinsin, had
a diverse range of molecular effects. Functionally, the results of this study were in line with
the published literature by Tardif et al. (2014), also, an increase in % HA was determined 3/6
compounds. Conventional semen evaluation includes sperm concentration, motility and
morphology (Mortimer and Mortimer, 1990; Mortimer and Mortimer, 2013), it has been
suggested that routine sperm analysis is insufficient to determine fertilisation potential. There
is a plethora of evidence that sperm hyperactivation is required for ascending through the
viscoelastic mucus secreted into the oviduct and for penetrating the ZP (Suarez and Pacey,
2006; Suarez, 2008). The evaluation of HA can add valuable information about the quality of
sperm and may identify any hidden male factor causes in cases of unexplained infertility.
Studies 2 and 3 demonstrated that despite the heterogeneity of [Ca2+]i response to PDE-I
compounds, sperm motility is increased. This could serve as a benefit to a variety of patients
attending the ACU. Since sperm motility is still one of the main factors that determine the
type of ART a patient is assigned (that is IUI for mild, IVF for moderate and ICSI for men with
severe, sperm dysfunction (Barratt et al., 2011). The findings from this study may have
implications concerning future clinical practice and direct treatment options that are specific
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to individual patient needs. Utilisation of these techniques to revisit in vivo and in vitro studies
of compound use in ART such as, Pentoxifylline (Moohan, Winston and Lindsay, 1993;
Safarinejad, 2011; Ghasemzadeh et al., 2016) to shed light into the mechanistic actions
involved and provide an understanding as to why Pentoxifylline is not a suitable drug
candidate for failed fertilisation patients (Tournaye et al., 1993).
Lastly, in extension to study 2, study 4 assessed the basal cyclic nucleotide response in donors
and in patient sperm, mapping sperm kinematic parameters with fertilisation rates of
respective IVF treatment. To our knowledge, this type of screen of patient cyclic nucleotide
levels has not been shown in published literature. The key findings from this study identified
a basal cyclic nucleotide range for basal cAMP from 1.04 – 52.07 pmol/ 4 x106 sperm (mean =
13.75 ± SD 12.55, SEM ± 2.29) and basal cGMP ranged from 0.46 – 13.68 (mean = 4.48 ± SD
3.21, SEM ± 0.67). Furthermore, a positive correlation exists between basal cyclic nucleotide
levels, this finding is well demonstrated in somatic cell literature but less so in germ cell
research, mainly due to problems with the quantification of cGMP (Lefièvre, De Lamirande
and Gagnon, 2000; Goupil et al., 2016). Through HPLC analysis and CASA recordings, a
significant observation was shown between cyclic nucleotide levels and the % HA sperm
within the donor/ patient samples for cAMP. On further assessment of the patient population,
10 IVF treatment samples were assessed for their basal cyclic nucleotide levels and plotted
against their respective fertilisation rate. Results showed a significantly positive relationship
between the level of basal cyclic nucleotide activity and fertilisation rate.
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Figure 7.1 Summary of PDE-Inhibitor targets. The PDE inhibitor key identifies each compound used in this study. Each
inhibitor is placed beside their proposed mode of stimulatory or inhibitory action on ion channel function and intracellular
signalling for the increase in sperm motility as determined by chapters 4 and 5. The blue bar depicts the sperm membrane.

Scope for future work
Despite the global demand for fertility treatment, there are surprisingly few options to boost
male infertility. Sperm are unique and highly specialised, and as the chemical messengers are
different from somatic cell signalling thus, assumptions cannot be made regarding how these
messengers work. The studies in this thesis have utilised HPLC coupled with UV detection for
the quantification of sperm from both donors and patients, with the recent availability of an
HPLC system coupled to mass spectrometry offers as the next stepping stone for the
optimisation of this technique. Mass spectrometer analysis is a popular technique used in
hospitals for drug profiling; similarly, the recent developments in MS technology have
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markedly increased the throughput for the identification and study of sperm proteins. LCMS/MS combines the analyte separation power of the HPLC with the detection power of a
mass spectrometer. Currently, the application used in this thesis has some limitations for
which MS could compensate. For example, those patients with a higher cell number than ~4
x106 (per 200 µl injection) can only be subjected to this analysis. Acquiring instrumentation
with greater sensitivity, the sperm number required for detection and the injection volume
may be reduced, allowing for multiple injections per sample and thus, may allow for the
detection of cyclic nucleotides in ICSI patient sperm. Catalogues of spermatozoa proteins in
human and in model species are becoming available, laying the groundwork for subsequent
research, diagnostic applications, and the development of patient-specific treatments.
Utilising this method could not only identify cyclic nucleotide targets for drug development
but will provide a wider proteomic profile of systematic targets within the sperm. In regard
to Chapter 6, further study of semen samples from patients who had experienced low/failed
fertilisation would be beneficial to assess correlations between HA motility and cyclic
nucleotide levels.
The utilisation of an effective screening strategy for the identification of PDE-Is mechanistic
pathways, as demonstrated in this thesis allows the development of compounds to treat poor
sperm motility with greater precision and therefore more effective outcomes. These PDE-Is
have diverse modes of action that may offer as treatment drugs for a range of patients,
allowing personalised solutions based on the specific needs of each patient.
While all PDE-Is examined in this thesis showed promising motility profiles, each
demonstrated varying mechanistic responses which may benefit as a screening tool to aid
ART treatment on a individualised basis. For example, compounds, Trequinsin, Etazolate,
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Dipyridamole and MMPX significantly improved sperm hyperactivation under capacitating
conditions, this information is useful as these compounds may provide beneficial effects for
wide scope of patients. With regards to IVF, several studies have now demonstrated that
hyperactivation ability may be correlated with IVF success (Quill et al., 2003; Wiser et al.,
2014; Williams et al., 2015; McBrinn et al., 2019). It may be possible that exposure of
asthenozoospermic samples to these compounds may push treatment options from ICSI to
IVF. This allows for greater natural selection for couples who present with a male factor or
unexplained fertility. Whereas, Papaverine, Tofisopam and Ibudilast may improve IUI success
due to their effects benefiting sperm with reduced kinematics. Exposing the spermatozoa to
these compounds upon intrauterine insemination could increase the number of spermatozoa
that reach the Fallopian tubes and subsequently increase the chance of fertilisation.
Additionally, as Trequinsin did not affect sperm function at 100 M, future work on PDE-I and
other physiological agonists should examine dose-response effects on sperm function. The
change in the efficacy of drug effect with capacitation, AR and influence on early fertilisation
events is an important consideration for drug discovery. For scientific investigations to
translate to precision medicine for the management of male patient health, it is pivotal that
clinical trials are conducted in a population of patients for their effects in ART. These
compounds identified in this thesis are worthy of further exploration in this regard. We have
demonstrated that the concept of “one medicine for all patients with the same disease” is
not applicable when it comes to male infertility. By combining the molecular and clinical data,
will provide a more precise understanding of asthenozoospermic or idiopathic male infertility.
Advancing from this, while these compounds have been FDA approved and some, for
example, Dipyridamole, are available for oral use in the USA. The safety of these compounds
for use in vivo such as sperm to oocyte interactions at IVF through to embryo development is
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crucial. In vivo, toxicological kinetic studies would provide useful information regarding drug
absorption, distribution, metabolism, and elimination from the human body. Exposing these
compounds to this rigorous testing is the first step to progressing drug treatment options and
producing drugs that men can take to improve their fertility.
Physiological agonist induction of cyclic nucleotide levels could prove as an alternative
assessment in failed fertilisation patients. There is a plethora of evidence that suggests that
cyclic nucleotide activity is as an important factor as intracellular calcium signalling.
Therefore, screening of small molecule libraries for regulators of cyclic nucleotides could
identify novel compounds worthy of further exploration for sperm function. To conclude, this
study has shown that HPLC, in conjunction with established in vitro tests can successfully
identify novel therapeutic agents that enhance human sperm function and determine their
mechanistic actions.
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Solid Phase Extraction Figure

Supplementary Figure 8.1: Schematic pictorial workflow of the SPE process for the filtration of
the human sperm supernatant following cyclic nucleotide extraction. SPE workflo w image
adapted from: Riofrio, 2016. Strata X Cartridge image adapted from : Phenomenex, 2007.

8.1.1 Solid Phase Extraction Methodology
Step 1:
Pre-Treatment: Insert strata-X pore size 33 µM for high concentration samples with small
target analytes, 30 mg/mL reversed-phase C18 cartridges into stopcocks (one per sample).
Pipette 0.5 – 1 mL (minimum 250 µl or this cartridge type) of 1:1 sodium acetate and water
solution (pH 4). This hydrates the column making them adsorbent. Switch on the vacuum to
a set flow of 5 inches of mercury; allow the solution to pass through the polymer-based
sorbent bed into the collection tubes. Ensure the cartridge does not dry out throughout the
SPE process (Step 1 - 4).
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Condition: Inject 0.5 mL of 100% methanol to condition the SPE sorbent, removing any
impurities, for hydrophobic phases a water-miscible organic solvent is optimal.
Step 2:
Equilibrate: To create a sorbent environment that is miscible with the sample. This step
displaces the methanol environment so the particles can react with the sample. For this step:
inject 0.5 mL of 100mM of sodium acetate a non-polar solution (pH 4).
Step 3:
Sample Loading: Inject the sample into the SPE cartridges, allowing the lysed sample
components to flow through, and the nucleotide acids are retained to the column.
Step 4:
Column Washing: Washing the column selectively removes undesired contaminants. Flush
the cartridges with 0.5 mL 100mM sodium acetate followed by 0.5 mL of 100 % methanol.
Methanol is used for washing as it has a higher elution strength that the sample solvent but
is weaker than the elution solvent (ammonium hydroxide) to ensure that the analytes are not
eluted, preventing low recovery. Dry the cartridges under full vacuum for 5 mins to remove
any water before eluent to avoid increase drying times.
Step 5:
Elution: Inject 0.5 mL of 28-30 % ammonium hydroxide and methanol (95:5) in order to
disrupt the retentive interactions between the cyclic nucleotides and the polymer sorbent
material into cold 1.5 mL centrifuge tubes.
Step 6:
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Drying down: Dry down with gaseous nitrogen for 30 mins to lyophilise the analytic material.
Step 7:
Testing: Suspended the white powder in 500 µl in the ice-cold mobile phase, vortex to mix
and transfer solution into Waters© recovery vials. Keep on ice until HPLC testing.
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Supplementary Table 8. 1: Lot to Lot cAMP standards reproducibility testing (A -F) with % CV
< 12%
cAMP Reproducibility
Standard Conc. (picomoles/inj)

Lot 1

Lot 2

Lot 3

Mean

% CV

A

0.608

473.16

445.34

516.43

478.31

7.49

B

6.08

4929.44

4027.23

4994.20

4650.29

11.62

C

60.8

39908.46

41780.51

43223.49

41637.49

3.99

D

608

401912.50

421040.50

433097.10

418683.40

3.76

E

6080

3983999.00

4102526.00

4388771.00

4158432.00

5.00

F

60800

40588780.00

43357390.00

44343200.00

42763120.00

4.55

Supplementary Table 8.2: Lot to Lot cGMP standards reproducibility testing (A -F) with % CV
< 12 %
cGMP Reproducibility
Standard Conc. (picomoles/inj)

Lot 1

Lot 2

Lot 3

Mean

% CV

A

0.579

399.99

498.66

446.5

448.38

11.01

B

5.79

3538.65

3906.5

4011.77

3818.97

6.50

C

57.9

35784.41

33632.4

35142.66

34853.16

3.17

D

579

363129.03

345285.14

356522.76

354978.98

2.54

E

5790

3575139.9

3533711.44

3626791.12

3578547.49

1.30

F

57900

34578684.81

35590253.12

36095016.97

35421318.30

2.18

Supplementary Table 8.3: cAMP statistical analysis of standards using One -Way ANOVA
Tukey’s multiple comparisons test showing no s ignificant (NS) difference between lots
cAMP One-Way ANOVA
Tukey's multiple comparisons

Significant?

Summary

Adjusted P-Value

Lot 1 vs. Lot 2

No

ns

0.5758

Lot 1 vs. Lot 3

No

ns

0.5348

Lot 2 vs. Lot 3

No

ns

0.4393

test
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Supplementary Table 8.4: cGMP statistical analysis of standards using One -Way Tukey’s
multiple comparisons test showing no significant (NS) difference betw een lots
cGMP One-Way ANOVA
Tukey's

multiple

Significant?

Summary

Adjusted P-Value

Lot 1 vs. Lot 2

No

ns

0.9998

Lot 1 vs. Lot 3

No

ns

0.9994

Lot 2 vs. Lot 3

No

ns

>0.9999

comparisons test

Supplementary Table 8.5: cAMP Lot to Lot Linearity (Pearson r test) and Correlation Analysis.
Pearson r

Lot 1

Lot 2

Lot 3

R

1

1

1

95% confidence interval

1 to 1

0.9999 to 1

1 to 1

R squared

1

1

1

P (two-tailed)

<0.0001

<0.0001

<0.0001

P value summary

****

****

****

Significant? (alpha = 0.05)

Yes

Yes

Yes

Number of XY Pairs

6

6

6

P-value
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Supplementary Table 8.6: cGMP Lot to Lot Linearity and Correlation Analysis.
Pearson r

Lot 1

Lot 2

Lot 3

r

1

1

1

95% confidence interval

0.9999 to 1

1 to 1

1 to 1

R squared

1

1

1

P (two-tailed)

<0.0001

<0.0001

<0.0001

P-value summary

****

****

****

Significant? (alpha = 0.05)

Yes

Yes

Yes

Number of XY Pairs

6

6

6

P-value
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Flexstation Assay Dose-Response Curve
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Δ fluorescence
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Concentration of Trequinsin (M)

Supplementary Figure 8.2: Dose -response curve measu ring change in intracellular -calcium
evoked by a Trequinsin using Flexstation Assay. Dose-response curve showing the mean percentage
change ( fluorescence) of [Ca2+]i at varying doses of trequinsin. 5 donor samples were assessed. Trequinsin
caused a concentration-dependent increase in [Ca2+]i (EC50 = 6.4 µM ( 95% Cl: 4.1 µM to 9.9 µM). Of note, the
data was supplied by the DDU.
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Dose-Response evaluation using CASA
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Supplementary Figure 8.3: Dose-response Evaluation of Trequinsin on Donor 80 % Fraction
(Capacitated) Sperm Motility. Dose-response curve showing  of motility induced by Trequinsin relative
to untreated sperm (basal). (A) Percentage of total motile sperm (B) percentage of progressively motile sperm
and (C) percentage of hyperactivated sperm (n = 5) under capacitating conditions. Measurements were taken
20 mins after exposure to Trequinsin.
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Effect of Trequinsin on Healthy Donor Sperm Motility
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Supplementary Figure 8.4: Effect of Trequinsin on Donor 80% Fraction (Capacitated) Sperm
Motility. In sperm exposed to capacitating conditions, Trequinsin did not significantly alter (A) total motility or
(B) progressive motility (n = 7). For the same data set % HA was significantly increased in a subpopulation of
sperm (Fig. 4.2).
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Acrosome Status Assessment
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Supplementary Figure 8.5: Effect of Trequinsin on Acrosome Status and Membrane Integrity.
(A) Trequinsin did not increase acrosome reaction in capacitated healthy donor sperm (n = 5) in comparison to
control (untreated sperm). In the presence of Ionophore A23187 (positive control), there was a significant
increase in the presence of acrosome-reacted sperm in comparison to control conditions. A minimum of 10000
events per condition was recorded. (B) Membrane Integrity was not damaged by the exposure of 10 µM
Trequinsin, and no significant difference was observed in comparison to control (1% DMSO).
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Effect of Trequinsin on Non-Capacitated Sperm Motility
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Supplementary Figure 8.6: Effect of Trequinsin on Donor 80 % Fraction (Non- Capacitated)
Sperm Motility. Under non-capacitating conditions, Trequinsin did not have a significant effect on sperm (A)
Total motility (B) Progressive motility or (C) Hyperactivation for the entire 2 hour period (n = 7).

184

Effect of Trequinsin on Poor Sperm Motility
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Supplementary Figure 8.7: Effect of Trequinsin on Donor 40% DGC Fraction (poor motility)
Sperm Motility. Trequinsin did not have a significant effect on (A) total motility in those sperm placed in
capacitating conditions (n = 6). Under non-capacitating conditions the effect of Trequinsin on (B) total motility
(n = 8) and (C) sperm hyperactivation was not significant (n = 8).
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PHi Measurements

B
pH

Ratio (490/440)

SD

SE

Basal

6.67

1.02

0.03

0.01

Trequinsin

6.72

1.07

0.06

0.03

NH4Cl

7.04

1.36*

0.11

0.06

Supplementary Figure 8.8: Effect of Trequinsin on Sperm pHi. BCECF was used to track changes in
intracellular pH in capacitated donor sperm from the 80% DGC fraction. (A) Standard curve used for calibration
(B) the table shows that Trequinsin did not significantly increase intracellular pH in comparison to basal pH. The
weak base NH4Cl significantly increased intracellular pH (n = 5).
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Effect of Trequinsin on Patient Calcium
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Supplementary Figure 8.9: Effect of Trequinsin on Patient Sperm [Ca 2 + ] i . [Ca2+]i response to
Trequinsin and P4 in patient sperm (n = 9). (A) Peak and (B) Sustained (180 -200s) [Ca2+]i response were not
significantly different.
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Effect of Trequinsin on non-capacitated donor sperm calcium
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Supplementary Figure 8.10: Effect of Trequinsin on peak [Ca 2 + ] i in Non-Capacitated Donor
Sperm. [Ca2+]i response to Trequinsin and P4 (n = 5). (A) Peak and (B) Sustained [Ca2+]i responses (180 - 200s)
were not significantly different. Donor sperm was from the 80 % DGC fraction.
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Effect of Trequinsin on Patient R2947
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Supplementary Figure 8.11: Trequinsin induced peak [Ca 2 + ] i in sperm from Patient R2947. (A)
Peak and (B) Sustained (180-200s) response of patient R2947 Trequinsin induced [Ca2+]i in relation to the
average donor (data from Fig 5.5) and average patient (data from Supplementary Fig 8.9) Trequinsin peak [Ca2+]i
response.
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Effect of Trequinsin on VSL and VCL parameters
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Supplementary Figure 8.12: VSL and VCL kinetic paramet ers. On the assessment of 80 %
fraction, capacitated donor samples (n = 7) trequinsin significantly increased mean VSL and VCL
parameters in the total sperm population in comparison to control conditions.
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Δ Fluorescence (%)

Chemogenomics Library Screen

Supplementary Figure 8.13: Graphical summary of [Ca 2 + ] i elevating Compounds
Identified in Screen of the Chemogenomics library . 27 US Food and Drug Administration
approved active compounds were identified from the DDU Chemogenomics library screen following
Flexstation assay testing and categorised based on their ability to increase [Ca 2+]i (low to high percentage
increase relative to 10 µM P4 (positive control in red). Green indicates negative control (1 % DMSO). Of
note, the data was supplied by the DDU.

191

Trequinsin Compound Information
Supplementary Table 8.7. Trequinsin Compound Information . Compound information
supplied by Tocris Bioscie nce.

Product Name:

Trequinsin hydrochloride

CAS Number:

78416-81-6

IUPAC Name:

2,3,6,7-Tetrahydro-9,10-dimethoxy-3-methyl-2-[(2,4,6trimethylphenyl)imino]-4H-pyrimido[6,1-a]isoquinolin-4-one
hydrochloride

Description:

Extremely potent inhibitor of cGMP-inhibited phosphodiesterase (PDE3;
IC50 = 250 pM). Potently inhibits arachidonic acid induced aggregation of
human platelets (IC50 = 50 pM). Orally active antihypertensive agent;
reduces systemic blood pressure in both normotensive and hypertensive
animal models. Physical and Chemical Properties: Batch Molecular
Formula: C H N O .HCl Batch

Molecular Weight:

441.95
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PDE-I Stitch Network Pathways
Supplementary Table 8.8: STITCH Network Viewer of the 6 PDE -I predictive modes of
action in mammalian somatic cell lines. Protein-protein interactions are shown in grey;
the chart is depicted in confidence view, i.e. any in teraction that has a confidence score
(C) > 0.6 of the predicted functional partners based on the strength of data. Action effects
Action effects:

positive,

negative or unspecified

. Images and

information sourced with approval from stitch.embl.de Versio n 5.0 (Szklarczyk et al.,
2016). Of note, the PDEi inhibitor pathway information has been docum ented only for
each compound.

Action Types

Node Size
Small Nodes: Protein of unknown 3D structure
Large Nodes: 3D structure is known or predicted

Activation

Phenotype

Inhibition

Posttranslational modification

Binding

Reaction

Catalysis

Transcriptional regulation

Etazolate Interaction: selective for PDE4A (C =
0.894)
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Ibudilast Interaction: PDE4A (C = 0.918), PDE4B (C
= 0.911), PDE4D (C = 0. 0.895), PDE4C (C = 0.889),
and PDE3A (C = 0.800) subtypes.

Dipyridamole interaction: PDE5A (C= 0.900),

MMPX interaction: PDE11A ( C = 0.42), PDE1A (

PDE10A (C= 0.850) and PDE4A (C = 0.848).

C = 0.418) and PDE2A (C = 0.400)

Tofisopam interaction: PDE10A (C = 0.829), PDE3A

Papaverine interaction: PDE10A (C = 0.987),

(C = 0.824), PDE2A (C = 0.800) and PDE4A for cAMP

PDE4D ( C= 0.972) and PDE5A (C = 0.937)

(C = 0.800)
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Donor Cyclic Nucleotide Quantified Data
Supplementary Table 8.9 Donor to donor basal sperm cAMP (N = 25) and cGMP (N = 19)
levels using HPLC. Measured cAMP levels in 25 donors. Shapiro -Wilk normality testing
passed. Values < LOD were not included.
Donor

Conc cAMP (pmol/ 4 M sperm) ± SD

Conc cGMP (pmol/ 4 M sperm) ±
SD

1

15.97 (2.42)

4.55 (1.42)

2

13.69 (0.91)

1.44 (0.47)

3

53.32 (9.06)

11.83 (2.63)

4

88.81 (13.58)

19.79 (2.79)

5

14.99 (3.08)

4.76 (0.93)

6

10.93 (2.69)

3.79 (2.83)

7

13.26 (6.48)

2.20 (1.73)

8

1.842 (0.17)

<LOD

9

62.46 (18.09)

10.35 (5.25)

10

5.15 (2.47)

<LOD

11

46.29 (8.76)

10.17 (7.89)

12

6.46 (2.43)

<LOD

13

1.41 (8.76)

<LOD

14

15.45 (2.31)

6.06 (1.99)

15

4.96 (2.14)

2.18 (0.95)

16

28.70 (6.67)

3.44 (1.87)

17

14.11 (6.13)

2.26 (0.76)

18

24.85 (3.63)

3.29 (0.39)

19

41.50 (9.12)

2.50 (1.86)

20

17.77 (8.41)

3.86 (1.51)

21

0.47 (0.15)

<LOD

22

17.73 (8.41)

<LOD

23

70.70 (7.86)

11.04 (1.98)

24

7.92 (1.28)

2.48 (1.20)

25

54.24 (0.84)

5.94 (2.90)
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Patient Sperm Cyclic Nucleotide Quantified Data
Table 8.10: Patient to patient basal sperm cAMP (N = 30) and cGMP (N = 26) levels
measured using HPLC. Shapiro-Wilk normality testing passed. Values < LOD were not
included, and values <LOQ represented by * are approximate values on ly.
Patient

Conc cAMP (pmol/ 4 M sperm) ± SD

R2992
R2990
R2984
R3136
R3148
R3149
R3154
R3153
R3196
R3216
R3220
R3147
R3256
R3254
R3250
R3242

39.71 (2.80)
25.29 (4.14)
16.02 (2.96)
7.04 (1.84)
9.44 (4.45)
5.36 (1.52)
9.53 (4.94)
13.53 (2.14)
4.18 (0.47)
8.28 (0.52)
1.36 (0.56)
10.99 (1.50)
17.42 (1.95)
4.51 (0.54)
1.90 (0.29)
42.25 (0.10)

2.87 (0.41)
13.68 (3.07)
<LOD
3.02 (0.21)
4.93 (1.57)
3.60 (1.26)
9.49 (1.76)
0.54 (0.20)*
2.65 (0.24)
5.86 (0.02)
2.17 (0.05)
3.32 (2.46)
2.68 (0.55)
0.46 (0.12)*
<LOD
1.14 (0.17)

R2451
R2647

14.08 (1.40)
20.94 (1.03)

<LOD
7.18 (2.28)

R3299
R3300

3.67 (0.33)
2.86 (0.19)

5.26 (1.67)
4.07 (0.37)

R3325
R3323

6.65 (2.33)
18.91 (2.10)

1.29 (1.36)
8.46 (3.71)

R3324
R3348

4.75 (0.33)
11.00 (1.98)

1.99 (1.27)
4.61 (0.72)

R3349
R3354

1.04 (0.24)
10.31 (2.32)

<LOD
0.77 (0.23)*

R2946
R3353
R3253
R3355

8.11 (0.41)
52.07 (3.41)
26.21 (2.00)
14.98 (1.96)

1.96 (2.97)
10.96 (2.43)
5.13 (1.00)
8.47 (0.73
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Conc cGMP (pmol/ 4 M sperm) ±SD

Ethical Approval
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Appendix 2
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Introduction
Automated CASA is the primary research method for assessing sperm function. This can
be complimented by use of fluorescent stains to monitor viability, AR and integrity of
plasma, acrosome, and mitochondrial membranes (Didion, 2008; Farah et al., 2013;
Amann and Waberski, 2014). However, these research methods do not always translate
into a precise prediction of semen quality and fertility (Feugang et al., 2018). As these
functions depend upon dynamic changes in biochemistry, a more informative approach
is required to measure critical intracellular signalling molecules such as cAMP. In brief,
the second messenger cAMP has a central role in sperm physiology, more precisely,
presents a key involvement in acquiring sperm motility (Buffone et al., 2004).
The principal objective of this thesis was to successfully identify and quantify cAMP
levels in human sperm, within both donor and patient groups. However, due to the
expense, limited supply and variable quality of human semen, boar sperm were used as
a surrogate animal model for method development. Boar semen samples are
commercially available, are produced in relatively vast numbers per sample and unlike
human sperm, remain viable for several days. This strategy permitted a cost-efficient
way to develop a feasible protocol than can then applied to human sperm. It is not
uncommon that boar sperm is utilised as a scientific tool to aid progression of human
sperm analyses, for example, initial development of CASA systems were validated using
boar (Rodríguez et al., 2012).
Initially, experiments were conducted using cAMP and cGMP standard material to give
insight to optimal HPLC conditions such as mobile phase and column selection. The
target was to systematically quantify cAMP, and cGMP, though as cGMP is less abundant
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in sperm (Willipinksi-Stapelfeldt et al., 2004) there was a degree of uncertainty that
detection of this would be achieved. Using both solvent and mechanical disruption of
the sperm membrane, cyclic nucleotides were extracted and tested under various
conditions, with and without sample filtering before introduction to the HPLC system.
At that stage, cAMP only, was reproducibly detected and quantified, whereas, traces of
cGMP were present but not quantifiable due to difficulty in distinguishing cGMP from
baseline noise of the HPLC. Refinement of the method was achieved using SPE, a
technique specialised for the concentration of target analytes, and removal of unwanted
debris from samples to ensure longevity of the column. Utilisation of SPE, improved
chromatographic peaks, reduced peaks from unwanted analytes and allowed for the
quantification of cGMP.
Detailed here is the preliminary method development and studies, that has been
advanced for in-depth cyclic nucleotide assessment in human sperm. Final testing
conditions are described within Chapters 2 and 3.

Materials and General Methods
9.2.1 Column and Mobile Phase Selection
There is very little quantitative information on cyclic nucleotides in human sperm. It is
important to take into consideration when detecting unknown concentrations of cyclic
nucleotides in human sperm is that other cyclic nucleotides may be detected. cAMP and
cGMP are closely related in terms of molecular weight, 329.21 g/mol and 345.21 g/mL
respectively, and therefore may have similar retention times which presents as an issue
for determining which cyclic nucleotide is being detected. However, quantifying known
concentrations of artificial cyclic nucleotides by UV-HPLC can identify the retention and
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elution time at which they appear on the chromatogram. To ensure that the analytes
can be detected, and quantified separation is pivotal; this depends on column chemistry
and well as interactions with the mobile phase that carries the analytes.
Based on the nature of the analytes, we opted for two similar column types for cyclic
nucleotide separation, the Synergi Polar-RP and the Syngeri Fusion-RP which the main
difference being the stationary phase. The Syngeri Polar-RP stationary phase is
composed of ether-linked phenyl groups bonded to the silica, whereas the Synergi
Fusion-RP is a C18 column with embedded polar groups. Using standard material and an
aqueous mobile phase containing 20 mM potassium phosphate (pH 2.5), the columns
were tested for their ability to resolve and separate the cyclic nucleotides; each cyclic
nucleotide was tested in triplicate injections (Fig 9.1 A and B). Figure 9.1 A shows the
performance of the Synergi Polar-RP column, whilst the resolution of the peaks was
acceptable, the analytes cAMP and cGMP failed to separate. In contrast, the Synergi
Fusion-RP column showed a reduction in resolution for both cAMP and cGMP, however,
the analytes are separated with shifts in retention time between each injection (Fig 9.1
B). The shift in retention time and resolution of the analytes was improved by the
addition of 0.1% TFA and 0.1% ACN to the 20 mM phosphate buffer (pH 2.5) (Fig 9.2 A
& B). Additional mobile phases were tested, the most promising was 0.1% TFA and 0.1%
Formic Acid in 100 % H2O (Ultra-pure H2O). However, after multiple experimental runs,
the peak shape began to deteriorate (Fig 9.3 A-C) this is known as “peak fronting” where
the stationary phase of the column, in which the analytes interact, begins to disintegrate
resulting in flow changes of the passing analytes through the column and into the UV
detector. This is thought to be because of the low pH and no buffer control. Based on
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this experimental data the final mobile phase composition and system parameters can
be found in Section 3.3.

cGMP

cAMP

cAMP

cGMP

Figure 9.1 Syngeri Polar-RP vs Syngeri Fusion -RP: (A) Represents the detection of cAMP and
cGMP using the Synergi Polar-RP, with analytes co-eluting. (B) Represents the detection of cAMP and
cGMP using the Synergi Fusion-RP, each analyte is successfully separated allowing for their quantification
of unknown amounts in boar and human sperm.
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Figure 9.2 Separation of cAMP and cGMP with 20 mM Potassium Phosphate, 0.1% TFA,
0.1% ACN. (A) Represents the detection of cAMP and (B) represents the detection of cGMP. Retentions
times of ~11 minutes and 13 minutes respectively.

Figure 9.3 Effect of 0.1 % Formic Acid and 0.1 % TFA on cyclic nucleotides. (A-C) Overlaid
chromatograms of cAMP and cGMP show increasing peak front and distortion of peak shape resulting
in a loss of symmetry. A, B and C represents testing days 1,2 and 3, respectively.
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Optimisation of Sample Preparation
Below describes the initial sperm preparation method, this method was tested under
varying conditions and the resultant effects shown on cyclic nucleotides levels are
described in Section 9.2. Boar sperm was used as a surrogate for human sperm as it is
readily available and can be bought in large quantities to determine the initial testing
conditions for effective cyclic nucleotide quantification. This proof of concept was then
extended and applied to donor and patient sperm. A detailed description of the HPLC
system and final methodology which was used for the detection and quantification of
cyclic nucleotide levels in human sperm is found in Chapter 3.
All reagents were supplied by Sigma Aldrich (UK) unless otherwise stated.
9.3.1 Boar Sperm Preparation
The boar semen samples were commercially obtained from JSR (ZBLB541 species).
During the testing period, 8 lots of boar sperm were used. These were delivered at RT,
in 75 mL flatpacks containing a semen extender medium to prevent sperm quality
degradation. After receipt, the sperm was aliquoted into 5 x 15 mL centrifuge tubes and
stored at RT according to the manufacturer’s instructions. All sperm studies were
conducted within 3 days of receipt.
9.3.2 Boar Sperm Cell Count
Sperm function was examined before testing to ensure that the sperm received was
visibly active, and suitable for use. 20 µL of sperm was placed onto a glass microscope
slide and examined under a visible light microscope (x 100 magnification). A water bath
was then preheated to 70 °C. 200 µL of sperm was removed from the centrifuge tube
and pipetted into a 1.5 mL polypropylene centrifuge tube. This was then placed into the
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water bath at 70°C for 5 mins to ensure complete immobilisation due to cell death. The
sample was removed from the water bath and 20 µL of the sample was pipetted into a
cell counting chamber of a Neubauer haemocytometer, a glass coverslip was placed over
the chamber and a manual cell count was performed.
9.3.3 Capacitating Media Preparation
CM was composed of 1 mM KH2PO4, 2 mM CaCl2, 2.5 mM pyruvate, 5 mM KCl, 5.55 mM
glucose, 25 mM NaHCO3, 95 mM NaCl, and 0.3 % BSA (pH 7.4) in Milli-Q grade H2O.
9.3.4 Non-Capacitating Media Preparation
NCM was composed of 1 mM KH2PO4, 2.5 mM pyruvate, 5 mM KCl, 5.55 mM glucose,
95 mM NaCl, and 0.3% BSA (pH 7.4) in Milli-Q grade H2O
9.3.5 Boar Sperm Preparation for HPLC Analysis
Before analysis, 15 mL boar sperm aliquots were centrifuged (15 mins, 300 g) to remove
the sperm from the extender medium. The supernatant was disposed of and the pellet
was resuspended into 15 mL of CM or NCM depending on experimental requirements.
The sperm were then sub-aliquoted into 1.5 mL centrifuge tubes (~ 10 x 106 sperm per
sub-aliquot). All samples were placed in an incubator at 37 °C, 5 % CO2 for a 3 hrs. After
3 hrs the samples were removed from the incubator, gently inverted to mix and
centrifuged for 15 mins, 300 g. Once complete the samples were removed, placed on
ice and the supernatant disposed of.
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Experimental Methods and Results
9.4.1 Assessment of Boar Sperm Lysis, Chemical and Mechanical Membrane
Disruption
To assess the optimal solvent for the disruption of the sperm membrane, after
incubation in CM the sperm were centrifuged as per section 9.2.5. The sperm were resuspended in 500 µL of either pre-cooled Methanol, Acetone, or Acetonitrile in triplicate
and incubated on ice for 10 mins. The samples were centrifuged at 3000 g for 15 mins,
and the supernatant removed. The soluble fractions were then transferred into labelled
vials and loaded onto the HPLC system (Fig 9.4). Results show that those samples lysed
with acetone had higher cAMP levels, as detected by HPLC, than those samples exposed
to methanol or acetonitrile (Fig 9.4.)
Mechanical disruption of the sperm membrane was achieved by sonication (Sonics &
Materials Model: V1A). Sonication experiments were conducted at 10, 15, 20, 25 and 30
secs (in triplicate for each time point). After sonication, the pellet and supernatant were
separated by centrifugation (15 min, 3000 g at 4 oC; Eppendorf Centrifuge 5417 R). The
soluble fractions were then transferred into labelled vials and loaded onto the HPLC
system (Fig 9.5). Of the time points tested one-way ANOVA multiple comparisons test
showed a significant difference between 10 and 20 secs only. Based on these results a
sonication time of 10 secs will be used to assess if this, in combination with solvent
extraction will improve the levels of cAMP measured (Fig 9.5).
The sperm were exposed to a combination of both sonication and different solvents.
The sperm suspensions (in sperm extender medium) were centrifuged (15 mins, 300 g)
supernatant removed and the sperm pellets (triplicate aliquots) were resuspended in
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500 µl of pre-cooled Methanol, Acetone, Acetonitrile, and incubated in ice for 10 mins
and sonicated for 10 secs. The samples were centrifuged at 3000 g for 15 mins,
supernatant removed and placed in 1.5 mL centrifuge tubes. Samples were placed into
a concentrator at 60 °C for 1 hr to evaporate the solvents. The pellets were resuspended
with 500 µl of mobile phase. All samples were then pooled (1.5 mL in total for each
condition), vortexed to mix and filtered using a 0.2 µM pore filter (Merck UK) (Fig 9.6).
The results show that a combination of acetone extraction and sonication produced
significantly higher levels of cAMP in the supernatant than acetonitrile with sonication
or methanol with sonication. Therefore, acetone is the solvent of choice for human
sperm lysis followed by sample sonication for 10 secs.

Effect of solvent type on cAMP levels
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0
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Acetonitrile Methanol
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Figure 9.4 Effect of solvent type on cAMP levels . 1x107 sperm were exposed to either ice-cold
Acetone, Acetonitrile or Methanol for sperm lysis. One Way ANOVA multiple comparisons test showed
that samples exposed to acetone prior to HPLC analysis had significantly higher cAMP levels than those
samples exposed to acetonitrile (p = 0.006) or methanol (p = 0.001).
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Sonication Testing
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Figure 9.5 Effect of sonication time of c AMP levels. 1x107 sperm were exposed to sonication
times of 10, 15, 20, 25 AND 30 seconds for sperm lysis. One Way ANOVA multiple comparisons test
showed that 10 secs and 20 secs were significantly different (p = 0.001) whereas, there was no significant
difference between any other sonication times.

Effect of solvent type and sonication time on cAMP levels
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Figure 9.6 Effect of solvent type and sonication time on cA MP levels. 1x107 cells were
exposed to either ice-cold acetone, acetonitrile or methanol and then sonicated for 10 secs prior to HPLC
analysis. One way ANOVA multiple comparison results indicate that those samples lysed with acetone and
sonicated for 10 sec had significantly higher cAMP levels than those samples sonicated for 10 secs after
treated with acetonitrile (p = 0.046) or methanol (p = 0.049).
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9.4.2 Assessment of Sample Filtration on cAMP Levels
Prior to analysis by HPLC, the samples are filtered, placed into Waters© recovery vials
and injected on the HPLC system. After injection of the sample onto the HPLC system, it
is subsequently carried to the column and then to the UV detector. Any particulate
impurities present in the sample will block the column, resulting in irregularities in flow
rate, shifts in retention time or complete blockage of mobile phase flow. The lifetime of
the column shortens, and the expensive column needs to be replaced. To ensure the
lifetime of the column and sample analysis is unaffected, the samples are filtered using
a 0.2 µM membrane filters. Whilst, the HPLC system and column damage is prevented,
the counter-effect is that these membrane filters reduce the volume of available sample
for injection, even when pre-wetted with mobile phase before sample filtration. This
experiment assessed the cAMP levels present in though samples that had been filtered
and not filtered after extraction and before injection onto the HPLC system (Fig 9.7).
Results show that the loss of cAMP detected by UV-HPLC is significant compared to
those samples that were unfiltered. It is apparent from this data that an alternative
method of extraction should be utilised to combat the loss of cAMP while protecting to
the longevity of the column.
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Effects of sample filtration on Boar cAMP levels
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Figure 9.7 Effects of sample filtration of cAMP levels from Boar Sperm . 3 boar ejaculates
with each ejaculate tested in triplicate. Paired T-Test analysis showed that filtered samples had
significantly lower cAMP levels than non-filtered (p = 0.006) as detected by UV-HPLC.

9.4.3 Effect of Solid Phase Extraction of cAMP levels
Solid phase extraction is a popular technique that concentrates, purifies and isolates
analytes of interest from a variety of matrices, such as sperm. We utilised this method,
as described in Section 3.5.4, in comparison to control samples (3 boar samples tested
in triplicate). Using the original method (Section 9.2), cGMP was inconsistently detected
and below the LOQ. The sperm were treated with acetone and sonicated for 10 sec. as
previously described before being passed through an SPE cartridge. Adopting SPE as part
of the sample preparation resulted in ~3-fold increase in cAMP and in all samples tested
cGMP was detected and above the LOQ (Fig 9.8).
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Effect of SPE on cyclic nucleotide levels
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Figure 9.8 The effect of SPE on cyclic nucleotides levels . SPE boar sperm showed significantly
higher levels of cAMP and cGMP using UV-HPLC analysis (p = 0.001) and 0.0194 respectively using paired
T-test analysis).

9.4.4 The effect of capacitation medium on cAMP levels
In total 8 Boar lots were purchased from JSR genetics, using the original method (Section
9.2) cAMP levels were quantified using UV-HPLC from boar sperm that had been
exposed to either non-capacitating and capacitating conditions .Consistent across lots,
there is a significant difference (Two Way ANOVA) between cAMP levels from sperm
that had been exposed to non-capacitated and capacitating conditions (p = 0.001).

211

cAMP levels from Capacitated and Non-Capacitated boar sperm
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Figure 9.9 cAMP levels from capacitated and non-capacitated boar sperm. Each boar lot
was tested under capacitating and non-capacitating conditions in triplicate. Two-way ANOVA analysis
indicates that sperm exposed to capacitating conditions had higher levels of cAMP levels present that
non-capacitated (p = 0.0001).

9.4.5 The effect of sperm incubation time on cAMP levels
To assess the optimal time that sperm are exposed to capacitating conditions for
measuring cAMP levels, triplicate aliquots of sperm ( 1 x 107 sperm) were exposed to a
capacitating medium containing 25 mM sodium bicarbonate for 0, 30, 60, 90, 120, 150
and 180 mins, 37 ◦C at 5 % CO2. At each time point, the samples were removed and
prepared for HPLC analysis of their respective cAMP levels (Fig 9.10). Pearsons R
correlation analysis showed that there is a significant relationship between capacitation
time and cAMP level present in the sample. Therefore, for subsequent experiments, the
samples will be incubated in capacitating medium for 3 hrs to ensure adequate exposure
to the medium and to ensure consistency with experimental time.
Final materials and methods, and experimental conditions are detailed in Chapters 2 and
3 respectively.
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Figure 9.10 cAMP levels Vs Incubation time . Sperm were exposed to capacitating medium
containing 25 mM sodium bicarbonate and incubated for 0 to 3 hrs with samples removed at various
incubation times for HPLC testing. Pearson’s R correlation analysis showed a significant relationship
between sample incubation time and the cAMP levels present within the sample (p = 0.001).
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